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Land	 and	water	 are	 the	 primary	 natural	 resources	 involved	 in	
the	production	of	food	and	fuel	[1].	Food	is	the	basic	necessity	for	
human	 survival.	 The	 input	 of	 cooking	 energy	 is	 also	 an	 essential	
requirement	 since	 the	 majority	 of	 the	 staple	 food	 items	 (i.e.	
cereals	 and	 pulses)	 has	 to	 be	 cooked	 with	 the	 help	 of	 cooking	
energy	using	energy	carriers	like	bioenergy	or	fossil-based	fuels	[2].	
There	are	 several	 steps	 involved	 in	 the	production	chain	of	 food,	
starting	 from	 cultivating	 the	 crop	 to	 cooking	 the	 final	 food	
products	 and	 serving	 it	 into	 a	 dish.	 The	 whole	 process	 of	 food	





by	providing	drinking	water,	but	 it	 is	 also	used	 in	agriculture	and	
livestock	production.	About	 70%	of	 the	 global	 freshwater	 is	 used	
for	 agricultural	 purposes,	 which	 is	 used	 to	 produce	 food	 for	 the	
global	 population	 [4].	 Likewise,	 land	 is	 the	 primary	 resource	 for	
human	food	and	fuel.	Arable	land	available	per	person	is	about	0.2	
ha	 [5].	The	global	 land	area	 is	13.2	billion	ha.	Of	 this,	12	percent	
(1.6	 billion	 ha)	 is	 currently	 in	 use	 for	 cultivation	 of	 agricultural	
crops,	 28	 percent	 (3.7	 billion	 ha)	 is	 under	 forest	 cover	 and	 35	
percent	 (4.6	 billion	 ha)	 comprises	 of	 grasslands	 and	 woodland	
ecosystems	 [1].	 The	 involvement	 of	 land	 and	 water	 in	 the	 fuel	
production	depends	upon	the	type	of	fuel.	A	study	by	Global	Land	
Outlook	 [6],	 indicated	 that	 fossil-based	 fuel	 has	 a	 very	 less	 land	
requirement	with	respect	to	biomass-based	fuel.	Likewise,	a	study	
by	 Gerbens-Leenes	 [7]	 showed	 that	 the	 water	 requirement	 for	




















	 However,	 in	 the	 entire	 food	 and	 fuel	 production	 chain	 energy	
plays	an	important	role.	The	energy	is	generally	from	fossil	fuel	or	
biomass-based,	 utilized	 in	 the	 production,	 transportation	 and	
distribution	of	food.	Similarly,	the	production	of	fuel	itself	requires	
energy.	 For	 example,	 the	 production	 of	 biofuel	 from	 Jatropha	 it	
requires	 energy	 to	 run	 the	 grinding	 machines	 as	 well	 as	 human	
physical	energy	to	harvest	Jatropha	from	field	[8].	
	 The	 production	 and	 utilization	 of	 water,	 energy	 and	 food	 are	
intricately	 linked	among	each	other.	Popp	et	al.	 [9]	 indicated	that	
production	of	food	and	biomass-based	fuel	are	resource	intensive,	
it	requires	to	be	managed.	Global	future	projections	 indicate	that	
the	 freshwater,	 energy	 and	 food	 demand	 will	 increase	 over	 the	
next	 decades	 due	 to	 increasing	 population,	 economic	
development,	 diversifying	 diets,	 cultural	 and	 technological	
advancements	 [10][11].	 In	 this	 context,	 a	 Water-Energy-Food	
(WEF)	 nexus	 thinking	 approach	 has	 emerged	 to	 identify	 the	
linkages	 across	 the	 resources	 and	 improve	 the	 efficiencies	 in	 a	
balanced	manner	 [12].	 By	 2050,	 the	 earth	 has	 to	 feed	 10	 billion	
people,	which	means	56%	more	food,	600	million	ha	more	arable	
land	 and	 50%	 more	 primary	 energy	 demand	 than	 now	 [13][14].	
However,	inclusion	of	new	technologies	and	policies	could	change	
the	 future	 demand	 of	 water,	 food	 and	 energy.	 As	 the	 demand	
grows,	 the	 competition	 among	 the	 components	 in	 food,	
agriculture,	 energy,	 forestry,	 livestock,	 aquaculture	 and	 other	
sectors	 will	 increase,	 which	 will	 have	 an	 impact	 on	 the	
environment.	 Such	 as,	 bioenergy	 plantation	 may	 have	 synergic	
effect	 like	 providing	 easy	 access	 to	 energy	 and	 employment,	
however	 the	 trade-off	 is	 using	water	 and	 land,	which	will	 create	
competition	with	food	security	[10].	
Water	 and	 land	 are	 finite	 resources	 [15],	 which	 means	 that	
increasing	 demand	 for	 food	 and	 fuel	 will	 put	 more	 pressure	 on	
them.	 Mostly,	 the	 use	 of	 water	 and	 land	 are	 territory-bounded	
where	 the	 population	 uses	 the	 land	 and	water	 available	 in	 their	



















irrigation	systems	 in	crop	production	 it	will	 save	water	as	well	as	
produce	more	 crops.	However,	 irrigation	 systems	 require	energy,	
which	 can	 be	 either	 fossil-	 or	 renewable-based.	 These	
interdependencies	 are	 quantified	 mostly	 in	 a	 sectoral	 approach.	
For	instance,	in	case	of	food-energy	approach,	food	or	agricultural	
waste	 is	 used	 to	 produce	 energy	 for	 consumption.	 However,	 the	
relative	demand	of	 these	 land	and	water	 resources	and	 the	 food	
and	energy	consumption	depends	upon	the	location	of	the	system.	
For	instance,	the	availability	and	accessibility	of	land	and	water	as	
well	 as	 the	 consumption	 of	 food	 and	 energy	 will	 vary	 from	 the	
rural	 areas	 in	 developing	 countries	 to	 the	 western	 world.	 In	 the	
coming	 chapters,	 “rural”	 is	 referred	 to	 the	 rural	 areas	 in	
developing	countries	(RDC)	unless	specifically	indicated	otherwise.	
1.1.1.	 Understanding	 rural	 areas	 in	 developing	 countries	 (RDC)	
and	the	western	world	from	a	nexus	perspective	
The	 production	 supply	 chain	 of	 food	 and	 fuel	 differs	 from	
country	to	country,	based	on	the	availability	of	technology,	market	
and	 resources.	 The	 western	 world	 has	 a	 different	 production	
supply	 chain	 in	 comparison	with	 the	 RDC.	 For	 instance,	 the	 food	
production	 chain	 in	 Western	 world	 is	 a	 well-structured	 chain,	
comprising	 of	 producers,	 processors,	 distributors	 and	 consumers	
[17].	 However,	 the	 rural	 population	 in	 developing	 countries	 lives	
an	 agrarian	 life	 mostly	 depending	 upon	 agriculture	 for	 their	
livelihood.	The	production	supply	chain	of	a	product	and	the	inputs	
required	 are	 very	 different	 from	 the	 system	 in	 a	 developed	
country.	 Normally,	 rural	 population	 does	 a	 subsistence	 farming	
where	 they	 produce	 their	 own	 food.	 They	 practice	 a	 traditional	
farming	 system,	 which	 involves	 less	 mechanization	 and	 more	
physical	 labour.	 There	 is	 lack	 of	 a	 structured	market	 in	 the	 rural	
areas,	which	hampers	 the	direct	accessibility	of	 the	 farmer	 in	 the	
value	chain.	
The	 inter-linkage	 between	 the	 water,	 energy	 and	 food	
components	 exist	 in	 both	 developing	 and	 western	 countries.	
However,	the	intensity	of	each	component’s	consumption	depends	
















































Technology	 Rural	 areas	 lack	 access	 to	
electricity	 and	 modern	
fuels.	Rural	people	mostly	




transport	 and	 on	 the	
direct	 combustion	 of	






lighting.	 Coal,	 oil	 and	






















climate-resilient	 or	 developing	 water-efficient	 irrigation	
technology;	 (b)	 there	 is	 a	 structured	 market,	 which	 benefits	 the	
farmers	 [21],	 (c)	 the	 processing	 part	 of	 the	 food	 chain	 is	 very	
crucial	 for	 western	 countries,	 as	 it	 includes	 the	 food	 that	 is	






[22].	However,	 the	consumers	have	options	 to	get	 their	 food	 like	
by	 shopping	 food	 items	 (like	 cereals,	 meat	 etc.)	 from	 grocery	
stores	 or	 grabbing	 “grab	 and	 go”	 meals	 from	 grocery	 food	
counters,	gas	stations	etc.	This	makes	their	life	easier	as	they	don’t	
have	 to	 invest	 their	 time	 and	 energy	 in	 the	 production	 and	
cooking.	 In	 case	 of	 energy	 production	 supply	 chain,	 the	 western	
countries	 have	 a	 very	 secured	 grid	 system.	 The	 source	 of	 the	
energy	is	fossil-fuel	based,	with	a	little	bit	of	renewable	energy	in	
it.	 The	 issues	 that	 are	 faced	 are	mostly	 related	 to	 extending	 the	
grid	 or	 switching	 to	 renewable	 sources	 of	 energy	 [23].	 In	 the	
Western	world,	 bioenergy	 sources	 like	 agricultural	waste,	 energy	
crops	and	wood	are	considered	as	an	alternative	energy	sources	or	
more	sustainable	sources	for	fossil	fuel.	They	produce	bioethanol,	
biodiesel	 or	 wood	 using	 efficient	 combustion	 technology.	
However,	 in	 rural	 areas	 traditional	 biomass	 is	 often	 the	 primary	
source	of	 energy,	which	 is	 used	 for	 heating,	 lighting	 and	 cooking	
[20].	The	accessibility	of	water,	energy	and	 food	 for	an	 individual	
staying	in	a	Western	country	is	just	by	putting	“on”	a	switch,	which	
saves	a	lot	of	time.	





unorganized	 and	 stand-alone	 systems.	 For	 instance,	 in	 the	 food	
production	supply	chains	 the	 farmers	use	 traditional	methods	 for	


















both	 in	 India	 and	 France.	 In	 India,	 it	 is	 grown	 in	 a	 90%	 irrigation	
system,	however	the	wheat	yield	is	2.9	Mg.ha-1	while	France	has	a	
rainfed	 system	with	 a	wheat	 yield	 of	 7.7	Mg.ha-1[25].	 The	use	 of	
more	efficient	technology	in	France	results	in	it	having	higher	yield	
than	 in	 India.	Moreover,	 in	 India	 the	 household	 energy	 source	 is	
not	connected	with	the	national	grid	system,	which	forces	the	rural	
population	to	depend	upon	stand-alone	system	like	solar,	biomass,	
wind	 and	 micro-hydro	 power	 [26].	 Due	 to	 lack	 of	 access	 to	
electricity	and	modern	 fuels,	 they	 rely	more	on	animal	or	human	
energy	 for	 any	mechanical	 work.	 Similarly,	 human	 energy	 is	 also	
expended	 in	 households	 chores	 like	 cooking,	 washing	 and	 other	
agricultural	activities	[20].	In	rural	communities,	wood	from	forest	
is	 one	 of	 the	 major	 sources	 for	 cooking	 [24].	 As	 such,	 women	
spend	hours	 to	collect	 fuelwood	 for	cooking,	heating	and	 lighting	
[27].	 Households	 in	 RDC	use	 the	most	 in-efficient	 cookstoves	 i.e.	
traditional	open	fire	cookstove	[28].	
As	indicated	by	Cai	et	al.	[29]	water,	energy	and	land	are	critical	
inputs	 to	 the	 production	 of	 other	 resources.	 There	 are	 no	 single	




very	 sector	 specific	 like	 assessing	 water	 required	 for	 food	
consumption	 or	 land	 required	 for	 food	 consumption.	 However,	
increasing	 population	 and	 changing	 intensity	 of	 food	 and	 energy	
consumption	 will	 put	 great	 pressure	 on	 the	 water	 and	 land	
allocation.	As	discussed	in	the	earlier	section,	the	RDC	mostly	has	
subsistence	 living	 and	 all	 the	 components	 are	 more	 intensively	
linked	 to	 each	 other.	Mabhaudhi	 et	 al.	 [32]	 showed	 that	 a	WEF	
nexus	 for	 rural	 livelihoods	 is	 important	 as	 it	 indicates	 the	
framework	 to	manage	 resources.	 However,	 it	 also	 indicated	 that	
studies	 at	 household	 level	 would	 be	 better	 to	 understand	 the	
impact	 of	 consumption	 on	 water,	 energy	 and	 food.	 Hence,	 this	

















1.2.	 Water-energy-food	 nexus:	 Production	 and	 consumption	
perspective	
1.2.1.	Existing	nexus:	Production	perspective	
The	 integrated	 assessment	 approach	 of	 components	 can	 be	
dated	 back	 to	 the	 study	 on	 integrated	 water	 resource	
management	 (IWRM),	 which	 highlighted	 the	 linkage	 between	
water,	energy	and	food	[33].	The	theoretical	context	in	the	IWRM	
approach	 mainly	 focuses	 on	 water	 assessment	 and	 attaining	 a	
sustainable	 use	 of	 water	 by	 maintaining	 balance	 with	 the	
ecosystem	 related	 to	 water.	 However,	 IWRM	 explicitly	 focus	 on	
water	and	 its	effect	on	other	sectors,	 like	 impact	of	groundwater	
irrigation	on	food	security.	
In	 the	 context	 of	 IWRM,	 the	 water-energy-food	 (WEF)	 nexus	
approach	 was	 developed	 to	 understand	 and	 analyze	 the	
interactions	 among	 the	 natural	 resources	 and	 human	 activities.	
The	nexus	approach	varies	 in	the	conceptualization	of	the	system	
and	defining	the	scope,	objective	and	system	boundary.	As	stated	
by	 Zhang	et	 al.	 [34]	 there	 are	different	 approaches	 to	define	 the	
nexus	 framework.	 For	 instance,	 World	 Economic	 Forum	 [35]	
presented	 the	 nexus	 framework	 from	 the	 security	 perspective	
(water,	 energy	 and	 food	 security).	 Their	 goal	 was	 to	 develop	 a	
sustainable	nexus,	which	can	provide	security	in	the	water,	energy	
and	food	production.	However,	FAO	[10]	described	the	WEF	nexus	
from	 a	 food	 security	 perspective.	 The	 WEF	 nexus	 framework	
developed	by	 FAO	 is	more	 focused	on	efficient	use	of	water	 and	
energy	 to	 achieve	 food	 security	 and	 sustainable	 agricultural	
production.	 Similarly,	 Hoff	 [33]	 developed	 the	 WEF	 nexus	
framework	 from	 water	 security	 perspective,	 where	 water	 is	
considered	 as	 the	 focal	 point	 and	 impact	 of	 energy	 and	 food	 on	
water	 is	 established.	 These	 nexus	 frameworks	 are	 mostly	
developed	 to	 contribute	 to	 policy	 objectives	 like	 food	 security,	
energy	access,	sustainable	development	etc.	[36].	
Flammini	et	al.	[37]		made	an	attempt	to	shape	the	WEF	nexus	
explicitly	 to	 address	 the	 interactions	 between	 human	 and	
ecosystem.	It	included	quantitative	and	qualitative	analysis,	which	
comprised	 of	 both	 human	 and	 natural	 factors.	 However,	 this	


















systematic	 way	 to	 analyze	 the	 nexus	 in	 a	 participatory	 way.	 Till	
here,	 the	 nexus	 framework	 was	 more	 about	 a	 holistic	
understanding	of	the	nexus	at	“macro-level”,	yet	the	approach	was	
a	sectoral	one.	Therefore,	King	et	al.	 [38]	developed	a	framework	
to	 assess	 the	nexus	 at	 the	 system	 level	where	 all	 the	 interaction	
among	the	components	can	be	quantified.	In	the	framework,	they	
concluded	 that	 a	metric	 system	helps	 to	 define	 and	 quantify	 the	
system	 more	 clearly.	 For	 example,	 energy	 input	 per	 unit	 of	
fuelwood	use	(MJ/kg)	for	cooking	(MJ).	This	example	shows	that	by	
defining	the	metrics,	the	nexus	is	easier	to	understand.	
Existing	 studies	 have	 established	 the	 impact	 of	 various	
technologies	 in	 the	 water	 and	 food	 supply	 chain	 process.	
Reasonably,	the	nexus	approach	describes	the	synergies	and	trade-
offs	 in	 a	 defined	 system.	 Generally,	 the	 nexus	 study	 has	 been	
approached	 from	 a	 production	 perspective.	 These	 sort	 of	 nexus	
studies	 are	 mostly	 focused	 on	 the	 “macro-level”	 drivers	 of	
resource	consumption	like	technology	assessment	to	enhance	the	
optimize	 productivity	 and	 understand	 the	 synergies	 and	 identify	
the	 trade-offs	 at	 geographical	 scale	 (i.e.	 global,	 national,	 regional	
etc.)	 [31].	 Zhang	 et	 al.	 [34]	 indicated	 that	 life-cycle	 assessment	
(LCA)	 is	 one	 of	 the	 best	 methodologies	 for	 quantifying	 the	
components	in	the	nexus.	In	this	approach,	interactions	among	the	
components	are	quantified	 in	 the	production	chain.	For	example,	
Jeswani	 et	 al.	 [39]	 conducted	 an	 	 LCA	 study	 to	 understand	 the	
interactions	 among	 water,	 energy	 and	 food	 and	 their	 impact	 on	
the	environment	pertaining	to	the	production	of	cereals	in	Europe.	
The	 study	 included	 technological,	 environmental	 and	
transportation	 aspects	 into	 its	 scope.	 Another	 example	 of	 the	
nexus	study,	Gupta	et	al.	[40]	analyzed	the	impact	of	solar	pump	in	
the	water,	energy	and	food	component	in	India.	It	was	a	case	study	
on	 a	 particular	 region	of	 India,	where	 the	 solar	 project	 has	 been	
implemented.	 It	 showed	 that	 the	 due	 to	 the	 better	 efficiency	 of	
the	 solar	water	pump	 the	average	water	 consumption	 increased,	
which	decreased	the	ground	water	level.	However,	it	also	reduced	


























optimization	 of	 food	 and	 energy	 production	 chain	 by	 using	 the	





discussed	 earlier,	 the	 world	 consumption	 of	 food	 and	 fuel	 will	




food	 consumed	 by	 an	 individual	 is	 cooked	 using	 energy	 and	
produced	 on	 an	 arable	 land	with	 the	 support	 of	 water	 irrigation	
system.	 In	 case	 of	 water	 scarcity,	 there	 will	 be	 less	 crop	 yield,	
which	 will	 have	 an	 impact	 on	 the	 individual’s	 diet.	 Broadly	
speaking,	 a	 nexus	 approach	 considers	 key	 issues	 related	 to	 food,	
energy	and	water	security	to	provide	sustainable	frameworks	for	a	
balanced	 use	 of	 the	 components	 in	 the	 future.	 To	 date,	 these	
frameworks	 mostly	 focus	 on	 technology	 development	 and	
resource	 development	 at	 national	 scale	 for	 optimization	 of	
production	[44].	However,	“security”	does	not	solely	depend	upon	






the	 land	 and	 water	 consumption.	 The	 severity	 of	 the	 impact	 of	


















population,	 geographical	 distribution	 and	 income.	 To	 understand	
the	 dynamics	 of	 the	 human	 consumption	 and	 its	 effect	 on	 the	
environment,	 a	 very	 well-known	 model	 i.e.	 IPAT	 model	 was	
developed	[46].	According	to	the	IPAT	identity,	the	environmental	
impact	 (I)	 is	 a	 function	 of	 population	 (P),	 prevailing	 level	 of	
affluence	(A)	and	technology	(T).	Applying	this	identity	in	the	nexus	
concept,	the	water	and	land	required	for	the	provision	of	food	and	
energy	 depends	 on	 the	 total	 number	 of	 people,	 average	




The	 impact	 analysis	 of	 human	 consumption	 on	 water,	 energy	
and	 food	 has	 been	 done	 in	 a	 “silo”	 manner.	 The	 methodology	






did	a	 comparative	water	 footprint	analysis	on	 the	Mediterranean	
and	 the	 Spanish	diet.	 They	 stated	 that	 the	Mediterranean	diet	 is	
supposed	 to	 be	 a	 healthier	 diet,	 however	 the	 countries	 in	 the	
Mediterranean	 regions	 are	moving	 towards	 a	Western-style	 diet,	
which	 is	more	meat-based	 diets.	 The	 comparative	 study	 showed	
that	the	WF	of	the	present	Spanish	diet	is	higher	when	compared	
with	 the	 traditional	 Mediterranean	 diet.	 Likewise,	 land	 footprint	
was	introduced	with	the	aim	to	quantify	the	land	use	with	respect	
to	consumption	and	further	associate	it	with	other	resources	[48].	
Gerbens-Leenes	 et	 al.	 [49]	 developed	 a	 “silo”	 type	 model	 to	
determine	the	land	requirements	relating	to	the	food	consumption	
pattern,	 which	 is	 applied	 for	 the	 Dutch	 consumption	 as	 a	 case	
study.	Kastner	et	al.	[50]	established	the	link	between	diet	change	
and	 its	 impact	 on	 the	 land	 requirements	 globally.	 It	 showed	 that	
the	dynamics	between	three	 factors:	agricultural	 technology,	diet	
















that	 the	 dynamics	 were	 more	 complex	 in	 developing	 countries.	
Similar	 footprint	 studies	were	also	done	 for	energy	consumption.	
Abrahamse	&	Steg	[51],	showed	in	their	study	that	the	household	
energy	 use	 depends	 on	 two	 important	 variables	 (i.e.	 consumer	
behavior	 variable	 and	 socio-demographic	 variables	 like	 income,	
household	 size	 and	 age).	 They	 found	 that	 socio-demographic	
variables	have	more	impact	than	the	consumer	behavior	in	Dutch	
households.	Fig	1.1	shows	the	overview	of	the	water,	energy	and	
food	 footprint	 approach	 from	 a	 consumptive	 perspective.	 In	 this	





Land	 is	 an	 important	 primary	 source	 for	 food	 and	 fuel.	 Until	
now,	 land	 footprint	 has	 covered	 topics	 related	 to	 food	
consumption	 [52].	 Cooking	 fuel	 like	 fuelwood	plays	 an	 important	





















been	 accounted	 in	 Global	 Land	 Outlook	 [6],	 next	 to	 this	 it	 also	









data	 collection	and	 the	 fuelwood	system	 (like	using	 fuelwood	 for	
cooking)	 is	a	decentralized	system	[23].	However,	a	major	part	of	



























Indian	 citizen	 and	 4-5	 times	 higher	 than	 that	 of	 a	 Brazilian.	
However,	the	energy	carriers	are	very	different,	which	might	have	
different	 impact	 in	 the	 land	and	water	 components.	 Sukhwani	et	
al.	 [52]	 identified	 some	challenges	 in	 the	WEF	nexus	approach	at	
rural	 level.	 One	 of	 the	 major	 challenges	 is	 the	 absence	 of	 a	
synchronized	analytical	 framework	to	estimate	the	overall	system	
efficiency.	 As	 pointed	 earlier,	 the	 production	 and	 consumption	
chain	of	the	rural	developing	and	western	world	are	very	different.	
The	 rural	 population	 in	 developing	 countries	 is	 yet	 to	 overcome	
the	 food,	 water	 and	 energy	 access	 problem.	 The	 problem	 of	
accessibility	 actually	 results	 into	 un-structured	 production-
consumption	supply	chain	and	hence	there	 is	shortage	of	data	to	
quantify	 the	 footprints.	 Hence,	 the	 footprint	 approach	 is	 difficult	
to	 use	 in	 these	 cases.	 In	 the	 next	 section,	 I	 will	 describe	 the	
situation	 in	 the	 RDC	 with	 examples	 and	 provide	 insights	 on	 the	
existing	nexus.	
1.3.	Nexus:	at	rural	areas	in	developing	countries	
About	 three	 billion	 people	 reside	 in	 RDC	 [18].	 They	mostly	 do	
agriculture	and	 livestock	 farming	and	depend	upon	biomass	 fuels	
(like	 fuelwood,	agricultural	 residues,	 charcoal	etc.)	and	 inefficient	
cookstoves	 (i.e.	 3-stone	 fire	 cookstove)	 for	 cooking	 [55].	 Singh	et	
al.	 [56]	 established	 in	 their	 study	 that	 fuelwood	 is	 consumed	 by	
rural	 households	 in	 India	 primarily	 for	 cooking	 purposes.	 The	
structure	of	the	rural	system	is	somewhat	similar	in	all	developing	
countries.	 For	 instance,	 fuelwood	 is	 used	 as	 cooking	 fuel	 in	 all	
developing	nations,	e.g.	in	Myanmar,	70%	of	all	the	primary	energy	
consumption	 is	derived	from	fuelwood	[57].	 In	Burkina	Faso,	95%	
of	 the	 households	 uses	 fuelwood	 [58].	 Fuelwood	 is	 normally	
sourced	from	forest	or	trees-outside-forest	(TOF)	areas.	Normally,	
people	have	 to	 travel	 long	distances	 to	gather	 fuelwood	 for	 their	
consumption.	 In	 some	 rural	 areas,	 households	 prefer	 to	 use	
charcoal	and	briquettes	for	cooking	purposes,	as	they	have	higher	


















briquettes	 are	 either	 available	 in	market	 or	 are	 prepared	 by	 the	
household	itself.	In	most	cases,	due	to	lack	of	market,	households	
prefer	to	make	their	own	charcoal	and	briquettes.	
Working	 whole	 day	 on	 agricultural	 farms	 and	 gathering	
fuelwood	requires	physical	energy,	which	is	fulfilled	by	the	amount	
of	nutritional	food	consumed.	Other	than	physical	energy,	humans	
also	 have	 to	 provide	 enough	 time	 to	 complete	 their	 work.	
Altogether,	 physical	 energy	 and	 time	 is	 called	 labour.	 Typically,	
women	 in	 the	households	 take	 care	of	 the	 cooking	 sector,	which	
involves	 collection	 of	 fuelwood,	 cooking	 and	 other	 household	
chores	 as	 it	 is	 considered	as	 the	non-economic	 sector	 [59].	Rural	
women	 from	 Asia	 and	 Pacific	 region,	 tend	 to	 do	more	 laborious	
work	 for	 longer	 hours[60].	 A	 woman	 has	 a	 large	 amount	 of	
household	 chores	 and	 other	 activities	 to	 do	 in	 a	 day	 that	 are	
metabolic	 energy	 intensive	 and	 mostly	 goes	 unaccounted	 for	
[61][62][63].	 In	most	cases,	 these	allocations	of	household	 labour	
are	 due	 to	 cultural	 customs	 in	 rural	 areas	 [64].	 In	 developing	
countries	 like	 Nepal	 and	 India,	 households	 spend	 most	 of	 their	




appears	that	 labour	 is	the	main	component	 in	the	rural	 life,	since	
in	any	activity	involvement	of	human	energy	is	a	necessity.	Human	
energy	 is	 required	 in	 the	 production	 of	 food	 and	 cooking	 fuel,	
nonetheless,	 it	 is	 equally	 important	 to	 consume	 food	 and	water,	




















Studies	 have	been	done	 specifically	 on	 the	 food	 consumption	
pattern	 of	 women	 to	 understand	 their	 nutrient	 consumption.	
Padmadas	et	al.	[66]	analyzed	the	food	consumption	of	women	in	
India	 based	 on	 survey	 data.	 According	 to	 their	 study,	 the	
consumption	 differs	 with	 socio-economic,	 demographic	 and	
cultural	conditions.	However,	the	food	consumption	(in	kcal)	of	an	
average	 individual	 is	 almost	 similar	 in	 all	 developing	 nations.	 For	
instance,	 an	 average	 rural	 Indian	 consumes	 about	 2500	
kcal/cap/day	 [67]	 and	 an	 average	 Sub-Sahara	 African	 individual	
consumes	about	2310	kcal/cap/day	[68].	
The	 rural	 world	 is	 a	 stand	 –alone	 system,	 which	 is	 not	
connected	 to	 the	 national	 grid	 system.	 The	 population	 does	
subsistence	 farming,	 due	 to	 which	 there	 is,	 no	 trade	 with	 other	
systems	 and	 hence	 the	 system	 boundary	 is	 very	 distinctive.	 As	
indicated	 by	 Ibarrola-Rivas	 et	 al.	 [69],	 	 agriculture	 production	
requires	 a	mixture	of	 components	 like	 land,	water,	 nutrients	 and	
labour,	 which	 are	 inter-related	 to	 each	 other.	 From	 Fig	 1.3,	 it	 is	
clear	that	labour	is	a	very	integral	part	of	the	rural	system	as	most	





















is	 on	 behavioural	 changes	 like	 focusing	 more	 on	 the	 end-use	
behavior	of	an	individual	[70].	 In	energy	analysis,	 labour	is	mostly	
excluded	 from	 the	 system	 in	 case	 of	 western	 countries	 [71].	 In	
western	 countries,	most	 of	 the	work	 is	 done	mechanically	which	
does	not	 include	human	 labour.	 The	 situation	 is	 very	different	 in	
case	of	rural	world,	as	most	of	their	work	is	physically	intensive.	
This	 section	 introduced	 labour	 as	 one	 of	 the	 important	
components	in	the	nexus.	It	also	showed	that	there	is	inter-linkage	
of	 labour	 with	 other	 components.	 Until	 now,	 researchers	 have	
often	 focused	 on	 the	 Western	 countries	 for	 nexus	 studies;	




This	 thesis	aims	 to	quantify	 the	water,	energy	and	 labour	use	
for	food	and	fuel	consumed	by	a	rural	individual.	This	is	based	on	a	
hypothetical	 rural	 system,	 where	 an	 individual	 does	 subsistence	
farming	 and	 produces	 her	 own	 cooking	 fuel.	Moreover,	 it	 shows	
the	synergies	between	the	components	and	the	related	trade-offs.	
This	 nexus	 approach	 considers	 the	 interactions	 between	
components	 while	 quantifying	 it.	 For	 example,	 while	 quantifying	
the	 food	 consumption	 of	 an	 individual,	 it	 also	 assesses	 the	 land,	
water	 and	 energy	 requirement.	 Likewise,	 quantification	 of	 fuel	
consumption	 also	 includes	 assessment	 of	 impact	 on	 the	 other	
components.	This	thesis	is	based	on	a	bottom-up	approach	model;	
thus	 it	 will	 emphasize	 the	 variations	 in	 the	 food	 and	 fuel	
consumption	 across	 the	 regions	 depending	 upon	 demographic	
conditions	 and	 land	 and	water	 availability.	 This	 regional	 study	 of	
food	 and	 fuel	will	 provide	 two	 important	 insights:	 (a)	 the	 factors	
affecting	the	variation	in	the	food	and	fuel	consumption,	and	(b)	a	
comparative	study	of	 the	 land,	water	and	energy	 footprint	 in	 the	
food	and	fuel	consumption.	
Thus,	the	main	research	question	is:	How	much	water,	land	and	
energy	 are	 required	 in	 the	 food	 and	 fuel	 consumption	 of	 an	




























Focusing	 on	 regional	 level	 will	 provide	 insights	 about	 dynamics	
among	 the	 components	 in	 the	 “micro-level”.	 I	 also	 assessed	 the	
per	 capita	 consumption	 of	 land,	 water	 and	 energy,	 which	 will	




of	 variations	 among	 the	 resources	 used	 for	 food	 and	 fuel	
consumption.	 This	 thesis	 will	 provide	 an	 understanding	 on	 the	
magnitude	of	land,	water	and	energy	required	for	a	rural	individual	
food	 and	 fuel	 consumption,	 and	 how	 technology	 can	 change	 the	




Chapter	 1	 provides	 an	 overview	 of	 the	 thesis	 with	 a	 general	
introduction	 and	 framework	of	 the	 chapters.	 It	 gives	 information	
on	 the	 existing	 nexus	 approaches	 and	 its	 related	 frameworks.	 I	
established	 that	 the	 consumption	 studies	 are	 mostly	 done	 in	 a	
“silo”	 manner.	 In	 chapter	 1,	 a	 brief	 introduction	 about	 rural	
population	 in	developing	countries	has	been	given	along	with	the	
underlying	 importance	 of	 nexus	 beneath	 it.	 It	 also	 established	 a	
nexus	 framework	 considering	 five	 important	 components.	 In	 the	



















Chapter	 2	 and	 3	 focus	 on	 the	 total	 land	 and	 water	 required	
while	consuming	food	and	fuel	by	an	individual.	The	food	items	are	
mainly	 agricultural	 and	 animal	 products	 produced	 at	 rural	 level.	
The	cooking	fuel	is	mainly	traditional	solid	biomass	(i.e.	fuelwood,	
charcoal	 and	 briquette)	 and	 the	 cookstove	 is	 a	 3-stone	 fire.	 This	
analysis	was	done	as	a	case	study	for	India,	since	it	is	still	home	to	
the	 highest	 number	 of	 the	 rural	 population	 [72].	 These	 chapters	
show	 the	 magnitude	 of	 land	 and	 water	 required,	 and	 show	
whether	 there	 is	 competition	 for	 resources	 or	 not.	 Based	 on	 the	
results	 of	 Chapter	 2	 &	 3,	 a	 hypothetical	 system	 was	 developed	
where	improved	cookstoves	(ICS)	and	high	energy	content	fuel	like	
charcoal	and	briquette	were	introduced.	In	the	chapter	4,	the	most	
important	 factor	 has	 been	 taken	 into	 consideration	 i.e.	 time	
required	 in	 the	 production	 of	 cooking	 fuel.	 Traditional	 cooking	




In	 Chapter	 5,	 the	 same	 hypothetical	 system	 was	 used	 as	 in	






scenario.	 	 Fig.	 1.4	 shows	 the	 framework	 of	 all	 the	 chapters,	 and	
how	the	nexus	is	forming	amongst	them.	Coming	back	to	the	IPAT	
identity,	this	thesis	provides	a	new	insight	to	it.	Chapter	2	and	3	is	
linked	 to	 the	 population	 and	 affluence	 factor.	 It	 shows	 the	
variations	 in	 the	 food	 and	 fuel	 consumption	 of	 an	 individual.	
Chapter	4	addresses	the	technology	linked	to	the	cooking	system.	
















































Land	 is	 a	 limited	 resource	 that	 provides	 food	 and	 cooking	 fuel	 to	 the	
rural	population.	In	this	paper,	we	determine	the	land	required	for	food	
production	and	 compare	 it	with	 the	 land	 required	 for	 cooking	 fuel	 (i.e.	
fuelwood)	 for	 six	 different	 regions	 of	 India.	 We	 use	 regional	 data	 to	
assess	 the	 land	 requirements	 for	 both	 food	 and	 fuelwood.	 Dietary	
patterns	and	agricultural	yields	are	the	major	drivers	of	land	demand	for	
food	production.	 The	 average	 land	 requirement	 for	 food	 is	 about	 1000	
m2/cap/yr,	 but	 the	 values	 range	 between	 800-1300	 m2/cap/yr.	 The	
greatest	proportion	of	this	land	requirement	is	for	cereals,	especially	rice	
and	 wheat.	 Determining	 the	 land	 needed	 for	 cooking	 fuel	 requires	
biomass	productivity	and	fuelwood	use.	We	found	that	the	average	land	
requirement	 for	 fuelwood	 is	 about	 3	 to	 7	 times	 larger	 than	 the	 area	
required	to	produce	food.	Thus,	there	is	a	wide	disparity	in	land	demand	
between	all	the	regions	of	India.	Dietary	change	is	not	an	option	as	rural	
inhabitants	 are	 already	 consuming	 less	 than	 their	 urban	 counterparts.	
Changes	 to	 cooking	 fuels	 could	 be	 another	 option.	 This	 comparative	
study	shows	the	high	demand	for	land	for	cooking	fuel	in	comparison	to	
food.	 It	 implies	that,	from	a	land	requirement	perspective,	reducing	the	












It	 is	 the	 basic	 provider	 of	 food,	 feed	 and	 energy	 to	 the	 global	
population.	According	to	the	World	Bank	[5],	the	total	agricultural	
land	makes	up	about	37%	of	the	Earth’s	total	land	area,	and	forests	
about	 31%.	 The	 intensity	 of	 global	 agricultural	 land	 use	 is	
increasing	 and	 gradually	 the	 forest	 area	 is	 decreasing.	 Alexander	
et.al	 [73]	 revealed	 that	 a	 rural	 Indian	 requires	 about	 2000	m2	 of	
agricultural	 land	for	food	consumption	each	year.	However,	there	
are	 large	 differences	 in	 the	 land	 requirement	 for	 food	 (LRF)	
depending	 on	 the	 dietary	 pattern.	 In	 most	 cases,	 high-income	
countries	 with	 affluent	 diets	 are	 associated	 with	 more	 LRF	 than	
low-income	countries	[74].	
The	 majority	 of	 the	 rural	 population	 (≈ 3 	billion	 population	
[75])	 residing	 in	 developing	 countries	 depends	 on	 fuelwood	 for	
cooking,	and	this	pattern	will	remain	significant	for	the	coming	30	
years	 [76][77].	 Such	 fuelwood	 is	 basically	 sourced	 from	 either	
forests	or	open	spaces.	FAO	stated	that	in	2011	about	3	billion	m3	
of	 wood	 was	 harvested	 globally	 from	 forested	 land,	 and	 almost	
50%	was	used	as	fuelwood	[78].	
In	the	coming	years,	the	demand	for	food	and	cooking	fuel	will	
increase	 as	 farmers	 will	 tend	 to	 encroach	 on	 forests	 to	 expand	
agricultural	land	[79].	This	will	 lead	to	increased	competition	over	
land	 for	 food	 and	 fuel.	 In	 the	 future,	 low	 and	 middle-income	
countries	 will	 alter	 their	 diets	more	 towards	meat	 consumption,	
particularly	 places	 like	 India	 [80],	 where	 a	 majority	 of	 the	
population	 have	 traditionally	 had	 vegetarian	 diets	 [81].	 Bosire	 et	
al.	[74]	stated	that	the	consumption	of	animal	products	is	now	the	
major	driver	for	land	use	change.	Studies	have	been	completed	on	
the	 land	 requirement	 for	 food	 from	 a	 consumption	 perspective	
[82].	Extensive	studies	have	also	been	conducted	on	biomass	and	




















Such	comprehensive	 studies	are	urgently	 required	 for	developing	
nations	where	people	 rely	on	 land	 for	 their	basic	sustenance	 (i.e.	
food	 and	 cooking	 fuel).	 Thus,	 to	 obtain	 insights	 in	 the	 order	 of	
magnitude	 in	 the	 land	 required	 for	 food	 and	 fuel,	we	 assess	 the	
land	requirement	for	the	food	consumed	and	fuelwood	used	by	an	
individual	 from	 a	 consumption	 perspective.	 This	 assessment	 is	
done	at	the	regional	level.	First,	we	determine	the	food	intake	and	
cooking	 fuel	 demand	 per	 capita.	 Ultimately,	 we	 assess	 the	 land	





food	 diet	 in	 India	 is	 quite	 diversified.	 Rao	 et	 al.	 [81],	 stated	 that	
rural	 Indians	 have	 a	 more	 diversified	 diet,	 with	 more	 cereals	
consumption	 than	 their	 urban	 counterparts.	 Crop	production	has	
increased	 in	 the	 last	 30-40	 years,	 yet	 the	 average	 crop	 yield	 is	
much	 less	 than	 the	 global	 average	 [86].	 Rural	 India	 still	 practices	
subsistence	 farming,	 where	 farmers	 mostly	 produce	 crops	 and	
breed	livestock	for	the	household	itself	[87].	
Nearly	 90%	 of	 the	 total	 energy	 consumed	 by	 households	 in	
India	 is	used	for	cooking,	 the	rest	 is	used	for	 lighting	and	heating	
purposes	 [88].	 Fig.	2.1	 shows	 the	percentage	distribution	of	 rural	
and	 urban	 households	 by	 the	 primary	 source	 of	 energy	 used	 for	
cooking.	 The	 National	 Sample	 Survey	 of	 India	 described	 in	 their	
“Energy	 Sources	 of	 Indian	 Households	 for	 Cooking	 and	 Lighting”	
report	[89]	 that	rural	households	are	still	dependent	on	fuelwood	
for	 cooking	 and	 urban	 households	 on	 LPG.	 Other	 solid	 fuels	 like	
dung	cake	and	charcoal,	are	also	used,	however,	their	contribution	















fuelwood	 is	 mostly	 from	 forests	 or	 trees-outside-forest	 (TOF).	
According	 to	 a	 study	 on	 one	 Indian	 state	 (Gujarat)	 [83],	 the	
continuous	extraction	of	fuelwood	from	forests	directly	 links	with	































their	 geographical	 and	 climatic	 conditions	 (Fig.	 2.2).	 Fig	 2.2,	 it	
shows	 that	 Central	 India	 has	 6.7	million	 ha	 and	 15	million	 ha	 of	
forest	and	TOF	 respectively,	which	makes	 them	the	highest	of	all	
the	 zones.	 Northern	 India	 has	 the	 lowest	 forest	 area	 (i.e.	 0.9	






East,	 West,	 Central	 and	 North-East).	 To	 assess	 the	 land	
requirement	 for	 food	 (LRF),	 we	 followed	 the	 methodology	
developed	by	Kastner	et	al.	[96].	This	means	that	the	data	on	food	
consumption	per	person	and	the	yield	per	hectare	were	combined	
to	 determine	 the	 area	 needed	 for	 food	 for	 one	 person.	 For	
estimating	 the	 land	 required	 for	 cooking	 fuel,	we	 used	 the	 same	













In	 the	 coming	 sections,	 we	 give	 a	 detailed	 description	 of	 the	
data	collection	and	analytical	methodologies	involved	in	this	study.	
2.3.1	Land	requirement	for	food	(LRF)	
	 The	 food	 diet	 is	 the	 end	 product	 of	 cooked	 food	 items	
consumed	by	one	person	 in	one	year.	We	took	an	average	of	the	
food	 items	 intake	 for	 all	 the	 six	 regions	 of	 India	 (Annexure	 2.A	
(Table	 2.A.1)).	 We	 also	 estimated	 the	 calorie	 intake	 (i.e.	 energy	
intake	 in	 kcal)	 of	 a	 rural	 person	 on	 the	 basis	 of	 the	 food	 items	
consumed	per	day.		
We	used	the	food	consumption	data	for	rural	people	from	the	
National	Sample	Survey	Office	 (NSS	Round	68)	 for	 the	year	2011-
12	[97].	The	NSS	dataset	provides	consumption	data	on	the	basis	
of	 a	 30-day	 recall	 at	 the	 household	 level.	We	 compiled	 69	 food	
items	 into	 9	 categories;	 namely,	 cereals	 and	 millets	 pulses	 and	
legumes,	 green	 leafy	 vegetables,	 spices,	 roots	 and	 tubers,	 fruits,	


















consumption,	 to	 calculate	 the	 LRF	 we	 take	 crop	 yield	 data	
(Annexure	 2.B	 (Table	 2.B.1))	 and	 cropping	 intensity	 [98]	 for	









We	 considered	 the	 possibility	 that	 fuelwood	 was	 harvested	
from	 either	 forests	 or	 TOF.	 The	 estimation	 of	 LRC	 was	 done	
separately	 for	 both	 forest	 and	 TOF.	 LRC	 is	 the	 combination	 of	
biomass	yield	from	forest	or	TOF	with	the	individual	fuelwood	use.	
Biomass	yield	was	calculated	using	the	amount	of	annual	growing	
stock	 multiplied	 by	 weight	 density	 and	 annual	 increment	 of	 the	





report	 [92].	 The	 growing	 stock	 volume	density	 (GSVD)	 (in	m3/ha)	
was	calculated	by	dividing	growing	 stock	volume	by	 the	available	
area.	We	estimated	the	annual	growth	of	trees	per	year	for	forest	
and	 TOF,	 by	 dividing	 GSVD	 by	 the	 age	 of	 the	 forest	 or	 TOF,	
respectively.	 Based	on	 the	 study	done	by	Bhojvaid	 et	 al.	 on	TOF,	
we	 assumed	 that	 the	 standing	 age	 for	 TOF	 is	 7	 years	 [101].	
Similarly,	 Gautam	 et	 al.	 did	 their	 study	 on	 forests,	 where	 they	
considered	 the	 standing	 age	 of	 a	 forest	 to	 be	 about	 35	 years	
[102][103].	Biomass	yield	refers	to	the	dry	weight	of	tree	biomass	
expressed	in	tonnes.	The	aboveground	biomass	yield	for	each	zone	
was	 calculated	 using	MAI,	 the	weight	 density	 of	 the	 trees	 and	 a	










biomass	 of	 the	 other	 aboveground	 components	 [106][107].	 BED	
was	subsequently	multiplied	by	weight	density	to	convert	it	from	a	
volume	to	a	mass.	The	weight	density	of	trees	varies	from	tree	to	
tree	and	country	 to	country	 [108].	We	take	 the	value	 for	 tropical	
trees	in	Asia	(in	t/m3)	from	FAO	paper	[109].	For	our	study,	we	also	
included	 scrubland.	 Scrubland	 is	 the	 degraded	 forest	 land	with	 a	
canopy	 density	 of	 less	 than	 10%.	 In	 this	 study,	 we	 excluded	
mangrove	areas,	since	we	were	only	concerned	with	land	area.	













The	biomass	yield	 from	a	 forest	was	calculated	using	 the	 following	
equation	[110][111][112];	
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Fig.	2.4	shows	 the	 food	 intake,	energy	 intake	and	the	LRF	of	a	
rural	 food	 diet	 for	 all	 the	 six	 regions	 of	 India.	 The	 food	
consumption	pattern	shows	large	variations	between	the	regions.	
In	 almost	 all	 the	 cases,	 cereals	 and	 millets	 (particularly	 rice	 and	
wheat)	 are	 the	most	 consumed	 food	 items.	Wheat	 is	 the	 staple	
crop	of	Northern	India,	however,	moving	towards	East	and	North-
East,	rice	becomes	the	staple	food.	The	wheat	intake	in	the	North	
region	 is	 almost	 90%	 higher	 than	 the	 North-East	 region	 (refer	
Annexure	 2.C	 (Fig.	 2.C.1)),	 but	 the	 rice	 intake	 is	 as	 low	 as	 71%.	
Other	regions	(i.e.	West,	East,	South	and	Central)	have	more	a	mix	
of	 rice	 and	 wheat	 in	 their	 diets.	 Cereals	 and	 millets	 constitute	
about	50%	of	the	total	food	intake	except	in	North	India.	It	is	quite	
interesting	 that	 34%	 of	 total	 food	 items	 are	 animal	 products	 for	
North	India,	mainly	milk	and	its	by-products.	Green	leafy	vegetable	
consumption	 stays	 almost	 the	 same	 for	 all	 the	 regions,	 and	 the	
same	 goes	 for	 pulses	 and	 legumes.	 Even	 spice	 consumption	
remains	 consistent	 for	 all	 the	 regional	 diets.	 The	 average	 food	
intake	of	a	rural	Indian	is	about	320	kg/cap/yr.	
We	found	that	the	variation	in	energy	intake	is	much	less	than	
in	 food	 intake.	More	 than	50%	of	 the	energy	comes	 from	cereals	
and	 millets.	 Even	 though	 20-30%	 of	 animal	 products	 and	
vegetables	 are	 consumed,	 the	 energy	 intake	 is	 almost	 negligible,	













50%	of	 the	 land	demand	was	due	to	cereals	and	millets.	 In	some	
regions,	 it	 reached	 as	 high	 as	 75%.	 Rice	 and	 wheat	 play	 an	
important	 role	 in	 the	 LRF	 of	 food	 diet	 across	 all	 the	 zones	
(Annexure	2.C.1).	Comparing,	the	food	intake	and	LRF	graph	of	Fig	
2.C.1	 (from	 Annexure	 2.C.1),	 it	 is	 quite	 interesting	 to	 find	 that
South	 India	 has	 a	much	 lower	wheat	 intake,	 however,	 the	 LRF	 is
still	 quite	 high.	 One	 of	 the	 reasons	 for	 this	 high	 LRF	 is	 very	 low
wheat	yields	(0.32	t/ha)	in	South	India	(Annexure	2.B,	Table	2.B.1).




roots	&	 tubers,	 fruits,	oil	&	 fats	and	sugar	&	 jaggery)	 is	 less	 than
the	animal	products	for	all	the	zones.	The	absolute	LRF	for	animal
products	 in	 North	 India	 is	 202	 m2/cap/yr,	 which	 is	 more	 than
double	the	LRF	for	the	other	regions.	The	very	high	consumption	of




fuelwood	 demand	 of	 individuals	 from	 different	 regions	 of	 India.	
There	is	considerable	variation	in	the	biomass	yield	from	TOF	and	
forests	between	all	the	regions.	The	biomass	yield	depends	on	the	
MAI	of	 the	 forest	 or	 TOF.	We	 found	 that	 the	biomass	 yield	 from	
forests	 is	much	 higher	 than	 the	 TOF.	 It	 ranges	 between	 30-80%.	
The	reason	that	TOF	has	such	a	 low	biomass	yield	 is	because	 the	
area	available	for	TOF	is	much	higher	with	respect	to	the	growing	
stock	 density.	 In	 the	 case	 of	 TOF,	 trees	 are	 scattered	 in	 an	 open	




















cooking	 fuels	 like	 kerosene	 and	 LPG.	 It	 is	 interesting	 that	 the	
pattern	in	the	percentage	of	households	using	fuelwood	(Fig.	2.1)	

















is	 harvested	 from	 forests	 and	 TOF.	 The	 average	 LRC	 for	 an	






North-East	 region	 is	 twice	 that	 of	 the	 West	 region.	 The	 reason	
behind	the	2-fold	increase	is	due	to	the	higher	fuelwood	use.	From	
eq.	 2.4,	 we	 can	 find	 that	 LRC	 is	 indirectly	 proportional	 to	 the	
biomass	yield.	Fig	2.5,	shows	that	biomass	yield	is	less	in	the	case	


















	 The	 total	 land	 required,	 by	 combining	 for	 both	 food	 and	
fuelwood,	 is	 shown	 in	 Fig.	 2.7.	 It	 is	 comparatively	 high	 for	
fuelwood	 harvested	 from	 TOF	 than	 from	 forests.	 However,	 the	








The	 methods	 used	 in	 this	 study	 for	 both	 food	 and	 fuelwood	
followed	 the	 same	 procedure.	 We	 combined	 the	 yield	 and	 the	
individual	consumption	values	to	assess	the	land	requirement.	The	
average	 LRF	 of	 a	 rural	 Indian	 is	 about	 985	 m2/cap/yr	 ( ≈
1000 m2/cap/yr).	 The	 results	 also	 show	 variation	 among	 the	












The	 explanation	 for	 this	 can	 be	 found	 in	 the	 very	 low	 food	
consumption	 (1918	 kcal/cap/day)	 that	 was	 found	 in	 the	 survey.	
Other	studies	used	food	consumption	values	of	2500	kcal/cap/day.	
Further,	 in	 such	 studies	 the	 consumption	of	animal	products	was	
far	 higher	 than	 in	 the	 survey	 used	 here.	 So,	 our	 value	 of	 1000	
m2/cap/yr	can	be	considered	as	the	minimum	area	needed	to	feed	





we	 compared	 it	 with	 the	 biomass	 yield	 data	 from	 other	 studies.	
The	average	biomass	yield	for	forests	is	about	1.32	t/ha/yr	and	for	
TOF	is	0.47	t/ha/yr,	which	 is	similar	to	the	biomass	yield	given	by	
FAO	 for	 Asia	 [115].	 According	 to	 the	World	 Bank,	 the	 per	 capita	
forest	available	in	India	is	about	640	m2/cap/yr	[5],	and	we	found	















fuelwood	 for	 cooking.	 This	 study	 indicates	 that	 there	 is	 already	
demand	for	more	forested	land.	Other	studies	revealed	that	rural	
populations	would	still	depend	on	biomass	for	cooking	[116].	FAO	
has	 indicated	 that	 there	 is	 an	 ongoing	 competition	 for	 land	 and	
food	 security	 [117].	 Thus,	 with	 rising	 population	 and	 demand,	
there	 is	 a	 possibility	 that,	 to	 meet	 cooking	 fuel	 demands,	 rural	
households	 could	 convert	 agricultural	 land	 to	 forested	 land	
[118][119][120].	Our	estimate	for	LRC-F	and	LRC-TOF	are	based	on	
the	annual	growth	of	the	forest	or	TOF	(i.e.	MAI).	The	main	reason	
behind	 using	MAI	 is	 to	 avoid	 deforestation.	Otherwise,	 complete	
harvests	 of	 roundwood	 from	 forests	 or	 TOF	 could	 eventually	
decrease	the	LRC.	The	TOF	are	considered	naturally	grown	for	this	
study,	 i.e.	 there	 is	 no	 plantation	 method.	 However,	 for	 Indian	





We	know	that	 this	 is	an	exploratory	 study	comparing	 the	 land	
requirement	 for	 food	 and	 cooking	 fuel	 for	 a	 rural	 diet.	We	 have	
excluded	 some	 factors	 like	 the	 type	 of	 land	 used	 for	 producing	
animal	 feed,	 different	 post-harvest	 loss	 and	 small	 shrubs	 in	 TOF	
areas.	Even	if	we	had	opted	to	include	these	factors,	there	would	
still	 have	 been	more	 input	 assumptions,	 making	 the	 study	more	
complex	and	yet	negligibly	affecting	the	results.	This	is	because	our	
study	area,	 the	rural	 Indian	population,	has	a	 low	animal	product	
intake	 and	 they	mostly	 do	 subsistence	 farming,	 which	minimizes	
their	post-harvest	loss.	
Our	findings	should	be	read	as	an	insight	into	the	magnitude	of	
land	 required	 for	 food	 and	 cooking	 fuel	 for	 a	 rural	 diet	 and	 not	
reduced	 to	 its	 absolute	 values.	 Fig	 2.1	 showed	 that,	 other	 than	
fuelwood,	there	are	other	cooking	fuels	(like	cow	dung	etc.),	which	
are	being	used,	in	very	small	quantities	(about	4-10%).	There	might	
be	 situations	 where	 households	 use	 fuelwood	 for	 heating,	
however	in	the	survey	data	they	used	it	for	cooking.	Moreover,	in	









cooking.	 However,	 after	 fuelwood,	 households	 mostly	 use	
kerosene	 and	 LPG.	 They	 are	 energy	 intensive	 as	well	 as	 having	 a	
lower	land	footprint	than	biomass.	Global	Land	Outlook	suggested	
in	 their	 study	 that	 other	 efficient	 cooking	 fuel,	 normally	 non-
renewable	energy	(i.e.	kerosene	and	LPG),	has	a	 land	footprint	of	
0.1-1	m2/MWh,	but	 the	biomass	 land	 footprint	 can	be	as	high	as	
1000	m2/MWh	[6].		
Cheng	 et	 al.	 [91]	 established	 that,	 even	 though	 rural	 Indian	
households	use	LPG,	they	do	not	replace	fuelwood.	Therefore,	the	
better	 option	 to	 decrease	 the	 LRC	 is	 by	 using	 an	 improved	
cookstove	 (ICS),	 which	 can	 decrease	 the	 fuelwood	 use	 by	 3-fold	
[121].	
	 Finally,	 we	 can	 conclude	 that	 many	 studies	 have	 so	 far	 been	
completed	 on	 land	 required	 for	 food	 in	 all	 regions	 in	 the	world.	














almost	 doubled	 if	 fuelwood	 is	 from	 forests,	 and	 almost	 6	 times	
when	 harvested	 from	 TOF.	 This	 study	 concludes	 that	 fuelwood	
requires	 far	more	 land	than	that	 for	 food	consumption.	 It	 implies	



















Lands	 occupied	 by	 buildings,	 roads,	 railways	 or	




Land	 like	 mountains,	 deserts,	 etc.	 Land,	 which	





All	 grazing	 lands	 whether	 they	 are	 permanent	







This	 includes	 all	 cultivable	 land,	 which	 is	 not	




Lands	 available	 for	 cultivation,	whether	 not	 taken	
up	 for	 cultivation	or	 taken	up	 for	 cultivation	once	
but	not	cultivated	during	the	current	year	and	the	
last	five	years	or	more	in	succession	for	one	reason	
or	 other.	 The	 land	 which	 has	 potential	 for	 the	
development	of	 vegetative	 cover	and	 is	not	being	
used	 due	 to	 different	 constraints	 of	 varying	




The	 land	 that	 cannot	be	developed	 for	 vegetative	





This	 includes	 all	 lands,	 which	 were	 taken	 up	 for	
cultivation	 but	 are	 temporarily	 out	 of	 cultivation	
for	a	period	of	not	less	than	one	year	and	not	more	
than	five	years. 






















































































A	multiplication	 factor	 that	 expands	 the
dry-weight	 of	 growing	 stock	 biomass,
increment	 biomass,	 and	 biomass	 of
wood-	or	 fuelwood	 removals	 to	account
for	 non-merchantable	 or	 non-
commercial	 biomass	 components,	 such
as	 stump,	 branches,	 twigs,	 foliage,	 and,
sometimes,	 non-commercial	 trees.
Biomass	 expansion	 factors	 usually	 differ
for	 growing	 stock	 (BEFS),	 net	 annual





than	 X	 cm	 in	 diameter	 at	 breast	 height.
Includes	 the	 stem	 from	 ground	 level	 or
stump	height	 up	 to	 a	 top	 diameter	 of	 Y
cm,	 and	may	 also	 include	branches	 to	 a
minimum	diameter	of	W	cm.
3	D.	 Schoene,	W.	 Killmann,	 H.	 von	 L.	 Lüpke,	 and	M.	 LoycheWilkie,	 “Definitional	 issues	











Ton/ha	 North	 South	 East	 West	 Central	 North-East	
Rice	 2.24	 2.58	 2.11	 1.97	 1.47	 2.05	
Wheat	 2.89	 0.32	 2.13	 1.61	 1.79	 1.41	
Coarse	cereals	 4.72	 3.39	 4.31	 2.58	 4.23	 2.74	
Pulses	&	
legumes	
0.85	 0.54	 0.76	 0.64	 0.71	 0.95	
Green	Leafy	
Veg.	
17.71	 20.90	 16.75	 8.65	 12.65	 9.19	
Spices,	Other	 3.00	 1.72	 1.15	 0.67	 1.12	 3.55	
Roots	&	tubers	 18.04	 7.00	 18.38	 14.49	 17.36	 8.61	
Fruits	 9.31	 13.34	 11.00	 9.08	 14.86	 9.40	
Oil	and	fats	 3.11	 2.34	 4.06	 3.50	 3.96	 2.89	
Sugarcane	 34.65	 78.10	 71.63	 58.05	 20.68	 27.04	
Table	2.B.2.	Arable	land	available	in	all	the	six	zones	of	India	6	
‘000	ha	 North	 South	 East	 West	 Central	 North-East	












































Water	 is	 needed	 for	 food	 and	 fuelwood.	 In	 general,	 people	 in	 developing	
countries	consume	many	carbohydrate	rich	staples	with	little	amount	of	animal	
product,	while	often	using	 fuelwood	 for	cooking	and	the	same	applies	 to	 rural	
India	 as	well.	 This	 study	 assesses	WFs	 for	 food	 and	 fuel	 consumption	 in	 rural	
India.	The	research	question	is:	What	is	the	green,	blue	and	grey	WF	of	food	and	
cooking	 fuel	 consumption	per	province	 in	 rural	 India	 (in	m3/capita/yr)?	 It	used	
the	WF	method	for	the	quantification.	Data	on	food	and	fuelwood	consumption	
were	 derived	 from	 the	 National	 Sample	 Survey	 (2011-12).	 Foods	 were	
categorized	 into	 6	 groups:	 1.	Rice;	 2	Wheat;	 3	Oils	 and	 fats;	 4.	Milk;	 5.	 Other	
animal	 foods;	and	6.	“Others”.	Cooking	fuel	 includes:	1.	Fuelwood;	2.	Kerosene	
and	3.	LPG.	Data	on	WFs	of	foods	were	derived	from	literature,	WFs	of	fuelwood	
were	 calculated	 for	 India.	 The	WF	 of	 consumption	 is	 calculated	 by	 combining	
data	on	 consumption	and	product	WFs.	 There	 is	 large	variation	of	 green,	blue	
and	grey	WFs	for	food	across	India’s	provinces.	The	average	WF	for	food	is	800	
m3/capita/year	 and	 for	 fuelwood	 1630	 m3/capita/year.	 Rice	 and	 wheat	
dominate	 green,	 blue	 and	 grey	 WFs	 for	 food.	 However,	 there	 are	 variations	




food,	 showing	 that	 in	 rural	 areas	 in	 developing	 countries,	 fuelwood	 is	 water	
intensive	 with	 large	 impact	 on	 freshwater	 resources.	 Future	 prospects	 of	
increasing	consumption	of	animal	products	will	 increase	WFs.	However,	 if	also	
cooking	fuel	is	considered,	switching	to	fossil	cooking	fuel	lowers	WFs	far	more	









Freshwater	 is	 a	 renewable	 but	 finite	 natural	 resource,	 with	 limited	
availability,	 often	 causing	 competition	 among	 its	 users.	 Freshwater	
availability	varies	across	regions	and	 in	time.	 In	general,	all	problems	of	
freshwater	overexploitation	and	pollution	relate	to	human	consumption	
[122].	 To	 visualize	 the	 relationship	between	consumption	of	 goods	and	
freshwater	 use,	 Hoekstra	 [123]	 introduced	 the	 water	 footprint	 (WF)	
concept	which	included	supply-chain	thinking	common	in	environmental	




of	 freshwater	 pollution	 and	 is	 defined	 as	 the	 amount	 of	 freshwater	
needed	 to	 dilute	 polluted	 water	 to	 accepted	 water	 quality	 standards	








little	 animal	 foods	 [127][128][129].	 To	 prepare	 meals,	 they	 often	 use	
fuelwood	 collected	 from	 the	 local	 environment.	 Globally,	 nearly	 three	
billion	 people	 rely	 on	 traditional	 biomass,	 i.e.	 wood,	 charcoal,	 crop	
residues	and	animal	dung,	as	 their	primary	cooking	 fuel	 [130].	 In	South	
Asia,	 75%	of	 the	 households	 use	 traditional	 solid	 fuels	 for	 cooking	 and	
heating	[131][132].	Fuelwood	projections	indicate	that	the	consumption	
will	 increase	with	 24%	 [133]	 and	 also	 the	 number	 of	 households	 using	
fuelwood	for	cooking	will	 increase	[134].	 In	 India,	the	dominant	fuel	for	
cooking	is	firewood	[89].	Adverse	effects	of	fuelwood	use	for	cooking	are	
well	 known,	 especially	 health	 effects	 due	 to	 indoor	 air	 pollution	
[135][136],	 decrease	 of	 agricultural	 productivity,	 forest	 degradation	
[137][138]	 	 and	 contribution	 to	 global	 warming	 [139].	 Although	 the	
adverse	effects	of	fuelwood	are	widely	recognized,	women	in	developing	
countries	 responsible	 for	 cooking	 tend	 to	 prefer	 traditional	 cooking	
stoves	[140].	
Important	 natural	 resources	 to	 provide	 food	 and	 fuelwood	 are	 land	














	 Globally,	 three	 billion	 people	 reside	 in	 rural	 areas	 of	 developing	
countries,	 mainly	 in	 Asian	 and	 African	 countries.	 These	 people	 live	 on	
subsistence	 farming	 and	 use	 fuelwood	 for	 cooking	 [117].	 In	 these	
countries,	 water	 availability	 to	 water	 requirement	 for	 food	 production	
might	become	more	problematic	than	today	[11].	This	is	a	major	concern	
for	 rural	 people,	 as	 they	 depend	 upon	 local	water	 availability	 for	 their	
food	and	fuel.		
In	 India,	 the	 internal	 WF	 dominates	 the	 total	 WF;	 the	 external	 WF	
contributes	 only	 2%.	 Over	 62%	 of	 irrigated	 water	 and	 85%	 of	 drinking	
water	 are	 sourced	 from	 groundwater	 [146].	 Moreover,	 India	 is	 also	
suffering	 from	 green	 water	 scarcity	 [125].	 Thus,	 India	 is	 a	 “water	
stressed”	 country	 with	 1544	 m3	 per	 capita	 water	 available	 [147].	 The	
average	WF	in	India	for	agricultural	and	industrial	goods	is	around	1000	
m3/capita/year	[148].	This	WF	includes	water	for	food	and	electricity,	but	
excludes	 water	 for	 fuelwood,	 e.g.	 for	 cooking.	 However,	 in	 rural	 areas	
fuelwood	 is	 the	 main	 energy	 source	 for	 cooking.	 Until	 today,	 national	
WFs	 included	WFs	for	agricultural	and	 industrial	products,	but	excluded	
WFs	 for	 fuelwood	 consumption.	 Moreover,	 studies	 were	 done	 on	 a	
national	 scale,	 not	 showing	 differences	 between	 urban	 and	 rural	
consumption.	 This	 study	 aims	 to	 give	 insight	 into	 the	 water	 volumes	




Quantification	 and	 comparison	 of	 per	 capita	WFs	 for	 food	 and	 fuel	
consumption	 at	 the	 provincial	 level	 provides	 insight	 into	 the	 WFs	 for	










About	65%	of	 India’s	population	 resides	 in	 rural	 areas	 [149].	Almost	
80%	 of	 the	 rural	 population	 has	 small	 landholdings,	 i.e.	 less	 than	 two	
hectares,	 where	 they	 perform	 agricultural	 activities	 [150][87].	 Usually,	
rural	households	produce	 their	own	 food	 (e.g.	 growing	wheat	and	 rice,	
livestock	 raising	 and	 some	 fishing)	 and	 cooking	 fuel	 (e.g.	 collecting	
fuelwood	or	making	charcoal)	[151].	Fuelwood	is	normally	sourced	from	





Normally,	 smallholder	 farmers	 produce	 food	 for	 their	 own	
consumption.	 Surpluses	 are	 sold	 on	 the	 local	 or	 provincial	 market	
[153][154].	When	production	is	not	enough	for	the	province,	people	buy	
from	 the	nearby	province	 [155]	Crop	 residues	and	 food	waste	 serve	as	
feed	 for	 livestock	 [156].	 Many	 rural	 Indian	 households	 own	 some	
chickens,	 goats,	 dairy	 cows	 or	 buffaloes	 and	 pigs	 [157].	 They	 provide	
some	eggs,	milk	and	meat	for	the	household.	Due	to	cultural	differences,	
Hindus	consider	cows	as	sacred	and	Muslims	consider	pigs	as	impure,	so	
that	 cows	 and	 pigs	 are	 not	 raised	 or	 consumed	 by	 the	 respective	






In	 India,	 rice	 and	 wheat	 are	 the	 main	 staple	 foods,	 with	 consumption	
variation	 throughout	 the	provinces	 [161].	 In	 some	provinces,	 there	 is	 a	
substantial	 milk	 consumption	 [162].	 In	 general,	 rural	 households	 have	
more	 diversified	 diets	 than	 urban	 households,	 because	 besides	 wheat	
and	rice,	they	also	consume	substantial	amounts	of	pulses	and	legumes	
[81].	However,	 the	 consumption	 of	 processed	 foods	 is	 negligible	 [163].	
Studies	 has	 showed	 that	 the	 fruits	 and	 vegetable	 consumption	 is	 very	










	 Rural	 households	 mostly	 use	 traditional	 energy	 carriers,	 i.e.	
fuelwood,	 charcoal	 and	 cow	manure	 [88]	 and	 some	 LPG	 and	 kerosene	
[165][166]	 for	 cooking.	 Rural	 households	 use	 traditional	 cooking	
methods	like	using	fuelwood	and	a	traditional	cookstove	(often	a	3-stone	
open	fire).	Due	to	the	small	heating	value	of	fuelwood	and	low	efficiency	
of	 the	 cookstove	 [167],	 it	 is	 an	 energy	 inefficient	 way	 of	 cooking	 and	
most	of	the	heat	is	lost	to	the	surroundings.	Low-income	is	an	important	
factor	 for	 using	 a	 traditional	 cooking	 method	 [168].	 Traditional	
cookstoves	 also	 provide	 room	 heating,	 which	 encourages	 rural	 people	
living	in	high	altitudes	to	use	them.		
3.2.3.	Water	situation	in	rural	India	
	 Water	 is	 an	 important	 resource	 for	 food	 and	 fuel	 production	 [169].	
India	 is	 not	 a	water	 rich	 country	 [147].	 Annual	 average	 precipitation	 is	
about	 1170	 mm,	 of	 which	 75%	 falls	 in	 the	 4	 months	 of	 the	 monsoon	
[170].	 Due	 to	 spatial	 and	 temporal	 variability	 of	 rainfall,	 there	 is	 large	
variation	of	water	availability	among	provinces	[147].	In	some	provinces	
groundwater	 is	 abundant	 and	 in	 others	 it	 is	 scarce.	 India	 completely	





	 Fig.	 3.1	 gives	 an	 example	 of	 green,	 blue	 and	 grey	WFs	 for	 rice	 and	
wheat	 per	 province,	 showing	 the	 large	 differences	 among	 provinces	 in	
India.		
The	green	WF	of	 rice	varies	between	1200	and	2400	m3/ton,	except	
for	one	province	 in	 the	 south	where	 the	green	WF	 is	 smaller.	 The	blue	
WF	 of	 rice	 is	 small	 in	 central	 and	 north-east	 India,	 showing	 that	 rice	
receives	 little	 irrigation.	 Rice	 does	 not	 need	 much	 irrigation,	 because	
most	 rice	 is	 grown	 during	 the	 monsoon.	 The	 grey	WF	 is	 almost	 same	
everywhere,	 indicating	 similar	 amounts	 of	 fertilizer	 use.	 Fig.	 3.1	 shows	
the	 small	 green	and	 large	blue	WF	of	wheat	 in	 central	 India,	 indicating	
that	 the	 water	 requirement	 of	 wheat	 is	 for	 a	 large	 share	 met	 by	
irrigation.	 Wheat	 needs	 irrigation,	 because	 it	 is	 grown	 outside	 the	












The	 assessment	 of	 the	WF	 of	 food	 and	 cooking	 fuel	 for	 rural	 India	
includes	 three	 steps.	 Step	 1	 collects	 consumption	 data	 of	 food	 and	
cooking	fuel;	Step	2	comprises	two	sub-steps:	collecting	WF	data	of	food	
items	and	cooking	fuel	(kerosene	and	LPG)	and	the	estimation	of	the	WF	
of	 fuelwood;	 Step	 3	 assesses	 the	 WF	 of	 individual	 food	 and	 fuel	
consumption	 in	 rural	 India.	 The	 assessment	 is	 done	 for	 all	 the	 35	
provinces	 of	 India	 of	 six	 regions:	North,	West,	 South,	 East,	 Central	 and	
North-east.	 Annexure	 3.A	 (Table	 3.A.1)	 shows	 the	 35	 provinces	 and	
regions.	
3.3.1.	Step	1:	Collecting	consumption	data	of	food	and	cooking	fuel	
	 Step	 1	 collects	 consumption	 data	 of	 food	 and	 cooking	 fuel	 of	 rural	
people	 per	 province	 in	 India.	 The	 National	 Sample	 Survey	 of	
Consumption	 Expenditure	 in	 India	 (NSSO	Round	68,	 2011-12)	 [97]	with	
information	 from	100,000	rural	and	urban	households	 in	 India	provides	








produced	 per	 province.	 The	 survey	 distinguishes	 between	 rural	 and	
urban	 households.	We	 derived	 consumption	 data	 on	 food	 and	 cooking	
fuel	for	rural	India	from	the	survey	[97].	
We	categorized	foods	into	6	groups:	1.	Rice;	2	Wheat;	3	Oils	and	fats	
(coconut	 oil,	 groundnut	 oil,	 sunflower	 seed	 oil,	 sesame	 oil);	 4.	Milk;	 5.	
Other	 animal	 foods	 (pork,	 beef,	 goat	 meat	 and	 egg)	 and	 fish;	 and	 6	
“others”.	 The	 “others”	 group	 includes	 coarse	 cereals	 (barley,	 maize,	
millet	 and	 sorghum),	 pulses	 and	 legumes	 (beans,	 kidney	 beans,	 peas,	
chickpeas,	 pigeon	 peas,	 lentils,	 urd	 and	 mung	 beans),	 vegetables	
(cabbage,	 lettuce,	 tomato,	 cauliflower,	 pumpkin,	 squash,	 gourd,	
cucumber,	 aubergine,	 onion,	 beans,	 peas,	 carrots,	 turnip	 and	 okra),	
spices	 (ginger,	 garlic,	 nutmeg,	 coriander,	 turmeric,	 pepper,	 capsicum,	





for	 cooking	 include	 consumption	of	 coke	and	 coal,	 fuelwood,	 LPG,	 cow	








soil	 factors	 and	 nitrogen	 use	 for	 the	 years	 1996-2005.	 For	 India’s,	WFs	
are	available	 at	 the	provincial	 level.	 In	our	 study,	we	assume	 that	pigs,	
goats	 and	 chickens	 are	 fed	 from	 household	 food	 waste	 and	 crop	
residues.	 To	 avoid	 double	 calculation,	 we	 assumed	 that	 residues	 are	
enough	 for	 the	small	 livestock	herd	and	we	assumed	that	WFs	of	meat	
and	eggs	are	zero.	For	dairy	cows,	we	assumed	that	the	milk	is	produced	
in	a	grazing	production	system.	Feeding	only	crop	residues	to	dairy	cows	
is	 not	 enough	 to	 produce	milk.	 For	 the	 assessment	 of	 the	WFs	 of	milk	












for	 few	 food	 items	 are	 not	 available,	 because	 there	 is	 no	 production.	
When	 there	 is	 consumption,	we	 assumed	 that	 the	 foods	 are	 bought	 in	
the	nearest	provinces.	This	is	for	example	the	case	for	the	Lakshadweep,	
Andaman	 and	 Nicobar	 Islands.	 For	 the	 other	 provinces	 without	
production,	 we	 took	 the	 WF	 data	 of	 the	 nearby	 provinces	 using	 a	
weighing	factor	based	on	rural	population	per	province	assuming	there	is	
a	lineair	relation	between	rural	population	size	and	total	production.	We	
calculated	 the	 weighted	 average	 of	 WF	 of	 food	 items	 bought	 in	 a	
province,	WFfd.avg,	as:		
WFfd.avg	=	
!"#$%&% ! !"#$!!! ! … ! !"#$%&%







everywhere,	 irrespective	 of	 any	 physical	 factors	 like	 precipitation	 or	





Kerosene	 Blue	 2.89	 LPG	 Blue	 2.69	
Grey	 2.89	 Grey	 2.89	
(b) Estimation	of	WF	of	fuelwood
The	WF	 for	 fuelwood	 is	 estimated	 in	 three	 steps:	 First,	we	assessed
















assigned	 to	 the	 fuelwood	 production	 for	 “s”	 provinces	 in	 the	 year	 “t”,	
WFfw	[s,t],	is	calculated	as:	
WFfw	[s,t]	=	




for	 fuelwood	production	 (m2),	 fw	 is	 the	 volumetric	moisture	 content	 of	
freshly	 harvested	 wood	 (m3	 water/m3	 wood)	 and	 fv	 a	 dimensionless	
fraction	 that	 represents	 the	 relative	 value	 of	 harvested	 fuelwood	
production	compared	to	the	value	of	other	ecosystem	services	provided	
by	the	forest.	In	this	study,	we	assumed	that	the	fuelwood	is	the	primary	
product	 of	 forest	 and	 growth	 is	 equal	 to	 the	 harvest.	 Thus,	 the	 value	
fraction	is	equal	to	1.	
	 The	 Eact	 is	 estimated	 based	 on	 annual	 temperature	 ( ℃) 	and	
precipitation	 (m/y).	While	 taking	 the	 annual	 data	 for	 temperature	 and	
precipitation,	 we	 ensured	 that	 the	 seasonal	 monthly	 average	 data	 is	
taken,	as	 seasonal	variability	affects	 the	blue	and	green	water	 required	
by	 fuelwood.	 For	 the	 north-east	 region,	we	 clustered	 temperature	 and	
precipitation	data	for	the	provinces	Sikkim,	Tripura,	Nagaland,	Manipur,	
Meghalaya	 and	 Arunachal	 Pradesh	 and	 considered	 the	 clustered	
provinces	as	one	province.	Temperature	and	precipitation	data	were	not	
available	 for	 8	 provinces	 (Chandigarh,	 Delhi,	 Daman	 &	 Diu,	 Dadra	 &	






























!""# !"#$%&' × !"#$%&' !"#$%
(3.6)	




The	 blue,	 green	 and	 grey	 WF	 for	 individual	 food	 consumption	 per	




where	 If	 is	 the	 individual	 consumption	 (t/cap/yr)	 and	WFf	 is	 the	WF	
per	unit	of	food.	The	blue	WF	includes	food	items	as	well	as	direct	blue	
water	 consumption	 (i.e.	 drinking,	 cooking	 and	 washing	 utensils)	 (see	
Annexure	3.G).	
The	 blue	 and	 green	 WFs	 for	 cooking	 fuel	 were	 calculated	 by	
combining	 individual	 fuel	 consumption	 (MJ/cap/yr)	 (from	 section	 3.3.1	
we	collect	the	consumption	value	in	ton/cap/yr,	which	is	then	multiplied	
with	the	heating	value	of	cooking	fuel)	with	the	WFs	for	fuelwood	(from	











where	 i	 denotes	 the	 blue,	 green	 and	 grey	 WF	 and	 c	 denotes	 the	






	 Fig.	 3.2	 shows	 the	 contribution	 of	 rice,	 wheat,	 oil	 and	 fats,	 other	
(coarse	 cereals,	 pulses	 &	 legumes,	 vegetables,	 spices,	 potatoes,	 fruits,	


















are	 some	 exceptional	 provinces	 like	 Madhya	 Pradesh	 and	 Puducherry,	
where	the	wheat	WF	contribution	is	larger	than	the	rice	contribution.	In	
the	eastern	provinces,	 rice	 and	wheat	 together	 account	 for	80%	of	 the	
total	WF	where	10-20%	of	the	WF	relates	to	wheat	consumption.	In	the	
north-east	region,	the	contribution	of	wheat	is	almost	negligible.	Fig.	3.3	




	 Although	 the	 green	 WF	 for	 rice	 is	 relatively	 large	 in	 all	 the	
provinces	in	India	(Fig.	3.1),	Fig	3.3	shows	that	the	green	is	largest	in	the	
eastern	part	of	the	country	where	the	consumption	is	larger.	In	the	north	
and	 south	 regions,	 the	 blue	 WF	 is	 larger	 than	 in	 the	 other	 regions,	
because	 irrigation	 is	 used	 for	 rice	 production.	 The	 green	WF	 for	wheat	
consumption	 is	 small	 in	 comparison	 with	 the	 green	 WF	 of	 rice	
consumption.	However,	the	blue	WF	for	wheat	consumption	is	relatively	








caused	 by	 a	 combination	 of	 large	 specific	 blue	 WFs	 and	 large	 wheat	
consumption.	
	 Fig.	3.4	shows	the	total	green,	blue	and	grey	WF	for	annual	per	capita	
food	 consumption.	 There	 are	 large	 differences	 among	 WFs	 for	 food	
consumption	across	 the	provinces.	 The	green	WF	 ranges	between	380-
900	m3/cap/yr.	The	green	WF	is	large	mainly	in	the	provinces	located	in	
the	 north,	 south	 and	 west	 regions.	 Fig.	 3.3	 showed	 that	 in	 the	 west	
region	the	green	WF	is	not	large	due	to	rice	and	wheat	consumption.	Oils	
and	 fats	 and	 other	 food	 items	 have	 more	 impact	 on	 the	 green	WF	 in	
those	 provinces.	 Fig.	 3.4	 shows	 that	 a	 part	 of	 north-east	 India	 has	 a	




The	 blue	WF	 ranges	 from	 11	m3/cap/yr	 in	 the	 north-east	 region	 to	
334	m3/cap/yr	 in	 the	 central	 and	west	 region.	 Blue	WFs	 are	 largest	 in	
central	India,	and	in	some	provinces	in	the	southern	region.	The	reasons	
for	 relatively	 large	blue	WFs	differ	 from	province	 to	province.	The	blue	
WF	is	relatively	small	in	the	east	and	north-east	regions,	due	to	high	rice	
consumption	 grown	 without	 irrigation.	 Large	 blue	 WF	 in	 the	 south	











	 Fig.	 3.5	 shows	 the	green,	blue	and	grey	WF	of	 fuelwood	per	unit	of	
energy	in	rural	India.	There	are	large	variations	among	the	provinces	for	














The	blue	WF	is	evident	 in	almost	all	the	provinces	 in	 India,	except	 in	
the	north	and	north-east	region.	It	is	relatively	large	in	some	provinces	in	
the	east,	west	and	central	regions.	This	is	due	to	low	groundwater	levels	
in	 those	 province,	 which	 eventually	 increase	 capillary	 rise	 (fblue)	 [179].	
Some	 provinces	 have	 relatively	 large	 green	 WFs	 and	 small	 blue	 WFs,	
which	 means	 that	 once	 compensates	 for	 the	 other.	 However,	 some	
provinces	 have	 large	 blue	 and	 green	 WFs.	 This	 indicates	 that	 those	
provinces	 experience	high	 forest	 evaporation	 rates	 and	 small	 fuelwood	
production.	 Fig	 3.6	 shows	 the	 annual	 green	 and	 blue	WF	 of	 individual	
fuelwood	consumption	per	province	in	rural	India.	
The	 green	WF	 for	 fuelwood	 consumption	 is	 larger	 in	 the	 south	 and	
north-east	 provinces	 (2800-3500	 m3/cap/yr).	 However,	 there	 is	 also	 a	
reasonable	amount	of	 green	water	use	 in	 the	 central	 and	east	 regions.	
The	 blue	 WF	 is	 relatively	 large	 in	 the	 western	 province	 (2800-3500	




	 Fig.	 3.7	 shows	 the	 total	 water	 footprint	 of	 food	 and	 cooking	 fuel	




Fig.	3.7	shows	 that	 if	 cooking	 fuel	are	 included	 in	 the	assessment	of	
WFs	 for	 food	 in	 rural	 India,	 it	 dominates	 the	 total	 WF.	 The	 WF	 for	








In	all	other	regions,	 the	WF	for	cooking	fuel	 is	 larger	than	for	 food.	Fig.	
3.7	also	shows	that	there	is	a	large	variation	in	the	green,	blue	and	grey	
WF	 for	 cooking	 fuel.	 For	 instance,	 the	blue	WF	 is	 relatively	 large	 in	 the	
western	 region	and	 relatively	 small	 in	 the	north-eastern	 region.	Due	 to	
the	 inclusion	of	kerosene	and	LPG,	there	 is	a	small	grey	WF	for	cooking	
fuel.	 However,	 in	 comparison	with	 the	 green	 and	 blue	WF	 it	 is	 almost	
negligible.		










green	WF	for	 rural	 India	 is	15%	smaller,	 the	blue	WF	 is	almost	half	and	
the	grey	WF	is	19%	smaller	than	the	national	average.	This	probably	has	
to	do	with	the	distinction	we	could	make	between	food	consumption	of	
rural	 and	 urban	 populations.	 Another	 difference	 is	 that	 we	 used	
consumption	 data	 of	 national	 food	 and	 fuelwood	 surveys	 rather	 than	
national	supply	data	from	the	FAO.	It	is	possible	that	underreporting	has	
occurred	so	that	our	study	might	underestimate	WFs.	We	also	assumed	
that	 livestock	 is	 fed	 residues	 from	 agriculture	 and	 households,	 so	 that	
the	 WFs	 of	 meat	 and	 eggs	 are	 allocated	 to	 the	 food	 to	 avoid	 double	
counting.	However,	meat	and	egg	consumption	in	rural	 India	is	so	small	
that	 the	 impact	 is	 negligible.	 In	 some	 provinces	 people	 consume	






though,	 e.g.	 there	 is	 a	 net	 virtual	water	 flow	 related	 to	 the	 food	 trade	
from	the	north	 to	 the	provinces	 in	 the	east	of	 the	country	 [182].	 If	 the	















Mean	 actual	 forest	 evaporation	 plays	 a	 major	 role	 in	 the	 WF	 of	





than	 our	 estimate.	 Van	 Oel	 et.al	 showed	 that	 for	 Eucalyptus	 in	 India	
evaporation	 is	 even	 smaller	 500	 mm/year	 [143].	 Differences	 in	
evaporation	 cannot	 explain	 the	 large	 WF	 differences	 among	 studies	
though.	Another	reason	is	the	different	assumption	of	wood	harvest.	Our	
study	 assumed	 that	 only	 the	 average	 annual	 growing	 part	 of	 the	 tree	
(MAI)	is	harvested	for	cooking	fuel,	which	generates	a	smaller	yield	than	
assumed	by	Schyns	et	al.	[183].	
We	 assumed	 that	 fuelwood	 is	 collected	 from	 forests,	 as	 there	 is	 no	
clear	 indication	 on	 the	 source	 of	 fuelwood.	 Rural	 people	 also	 collect	






An	option	 to	decrease	WFs	 for	 cooking	 is	 to	use	energy	 for	 cooking	
(fuelwood)	more	efficiently.	Inefficient	cookstoves,	like	traditional	open-
fire	 cookstoves	 used	 in	 rural	 India,	 require	 more	 fuelwood	 than	




in	 other	 rapidly	 developing	 countries,	 e.g.	 in	 China,	 towards	 a	 food	








food	 is	dominated	by	 the	use	of	cooking	 fuel.	 If	also	 the	perspective	of	
cooking	is	included,	more	efficient	cookstoves,	or	a	shift	to	other	ways	of	
cooking	 that	 go	 along	 with	 rural	 development	 decrease	 the	 total	 WF.	
This	might	 be	 the	 case	 in	 other	 developing	 countries	with	 large	 use	 of	
fuelwood	too.	
3.6.	Conclusion	
This	 study	 showed	 that	 water,	 energy	 and	 food	 are	 closely	
interlinked.	 In	 self-sufficient	 rural	 India,	 the	 total	 WF	 for	 fuelwood	 is	
twice	 the	 WF	 for	 food,	 showing	 that	 in	 rural	 areas	 in	 developing	
countries,	 especially	 fuelwood	 is	 water	 intensive	 with	 large	 impact	 on	
freshwater	 resources.	 In	 rural	 India,	 the	 average	 WF	 for	 food	 is	 800	
m3/capita/year	 and	 for	 fuelwood	 1630	 m3/capita/year.	 Green	 water	
accounts	 for	57%,	blue	water	 for	30%	and	grey	water	 for	3%.	Rice	and	
wheat	 consumption	 dominate	 WFs	 for	 food.	 However,	 there	 are	
variations	among	provinces.	The	green	WF	of	rice	is	larger	than	the	green	
WF	 of	wheat,	while	wheat	 has	 a	 larger	 blue	WF.	 For	 cooking	 fuel,	 the	
average	WF	 of	 fuelwood	 is	much	 larger	 than	 the	WF	 of	 fossil	 fuels	 for	
cooking.		
For	rural	India,	future	prospects	of	increasing	consumption	of	animal	
products	 will	 increase	 the	 WF.	 However,	 if	 also	 cooking	 fuel	 is	
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- Capillary	rise	 is	at	its	maximum	in	a	very	dry	year	(Eact	/	Pr	=1)	and	moves	linearly	 to
zero	 in	 an	 extremely	wet	 year	 (Eact/Pr	=	0).	A	water	 potential	gradient	 is	 required	 to
move	water	up-	ward	from	the	groundwater	table.	When	the	soil	is	dry	this	gradient	is
strong.	If	the	soil	is	saturated	this	gradient	is	absent	and	there	will	be	no	capillary	rise.




take	 up	 a	 share	 dcap,max	 of	 z	 r	 through	 capillary	 rise	 under	 very	 dry	 conditions.	 This

















	 where	 d	 is	 the	 wood	 density	 (m3/t)	 and	 EMC	 is	 the	 equilibrium	
moisture	content	(t/t).	The	EMC	data	is	available	only	for	4	regions.	We	
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There	 are	 few	 assumption	 were	 taken	 into	 consideration,	 which	





















In	 rural	 households,	 they	 mostly	 consume	 “chapatti”,	 which	 is	 made	
from	 wheat.	 They	 prepare	 dough	 by	 mixing	 water,	 pinch	 of	 salt	 and	
wheat	 flour.	 And	 then	 they	 make	 small	 bread	 from	 this	 dough.	While	
preparing	 this	 dough	 they	 use	 0.5	 times	 of	 water	 for	 each	 amount	 of	
wheat	[195].	
5. Curry








Majority	 of	 Indian	 consumes	 tea	 as	morning	 drink.	 It	 is	made	 by	 using	
milk,	 tea	 leaves,	water	 and	 sugar.	 For	 every	1	 l	 of	milk,	 they	use	2	 l	 of	
water	to	prepare	tea	[196].	
7. Drinking	water
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Access	 to	 energy	 for	 cooking	 is	 one	 of	 the	major	 challenges	 that	 rural	
India	 faces.	 Most	 of	 the	 rural	 households	 of	 North-Eastern	 India	 rely	
heavily	upon	 fuelwood	and	traditional	open-fire	cookstoves	 for	cooking	
activities.	 And	 everyday	 collection	 of	 fuelwood	 is	 time-consuming.	
Hence,	women	often	gather	 fuelwood	 to	make	charcoal.	While	 the	use	
of	charcoal	has	some	advantages,	it	is	not	clear	whether	the	investment	
of	 time	 in	 making	 charcoal	 is	 worthwhile.	 In	 this	 paper,	 we	 compare	
household	time	investments	for	fuelwood	and	charcoal	production.	The	
study	 is	done	using	 survey	data	on	Napaam	village	 situated	 in	Sonitpur	
District	 of	 Assam,	 Northeast	 India.	 We	 developed	 a	 model	 to	 analyse	
fuelwood	 needed	 and	 time	 spent	 upon	 the	 introduction	 of	 improved	
cookstoves	 and/or	 charcoal	 production.	 This	 analysis	 reveals	 that	
improved	 cookstoves	 using	 fuelwood	 results	 in	 the	 least	 time	
expenditure	 on	 the	 production	 of	 cooking	 fuel.	 Whilst	 introducing	
charcoal	marginally	reduces	the	amount	of	fuelwood,	but	increases	time	















socio-economic	 progress	 for	 developing	 nations.	 In	 rural	 areas	 it	 is	 not	
always	 possible	 to	 secure	 a	 continuous	 supply	 of	 energy	 where	 often	
there	 is	 no	 connection	 to	 a	 central	 grid.	 In	 most	 of	 the	 developing	
countries,	bioenergy	serves	as	the	primary	fuel	for	rural	people	[199].	In	
fact,	 bioenergy	 can	 provide	 independent	 and	 decentralized	 energy	 in	
rural	areas	[200][201][202].		
Fuelwood	 is	 the	most	vital	 source	of	bioenergy,	providing	9%	of	 the	
global	primary	energy	supply	[203][204].	It	is	an	essential	energy	source	
for	 cooking,	 for	water	and	space	heating,	 for	 cooking	 feed	 for	 livestock	
and	 for	 rice	 beer	 preparation	 in	 rural	 areas	 [205].	 However,	 there	 are	
also	several	disadvantages	to	the	use	of	fuelwood.	First,	the	growing	use	
of	 fuelwood	 leads	 to	 deforestation.	 Furthermore,	 for	 rural	 households,	
precious	time	is	lost	in	the	collection	of	fuelwood,	thereby	reducing	time	
for	 other	 productive	 work	 which	might	 help	 to	 increase	 their	 financial	
resources	[206][207][208][209][167].	Yet,	 it	can	be	difficult	to	secure	an	
adequate	supply	of	fuelwood	[210][211][212].	It	is	estimated	that	about	
20%	 of	 the	 time	 per	 day	 is	 spent	 for	 the	 collection	 of	 fuelwood	 alone	
[213].	 There	 is	 a	 steady	 growth	 of	 fuelwood	 consumption,	 though	 the	
growth	has	been	slow	in	recent	years	[214].	
Dependence	 on	 fuelwood	 often	 leads	 to	 drudgery	 for	 women	 and	
children	 and	 as	 a	 result	 prevents	 women	 from	 engaging	 in	 income-
generating	 activities	 [215].	 Therefore,	 various	 programs	 have	 been	
implemented	 to	 reduce	 biomass	 consumption	 by	 introducing	 efficient	
cookstoves	 and	 improved	 technologies	 to	 produce	 cooking	 fuel	
[216][217][218][219].	 Several	 studies	 have	 investigated	 the	 energy	
transition	of	cooking	 fuels	and	time	 investment	on	fuelwood	collection,	
focusing	on	 financial,	 behavioral	 or	 technological	 aspects	 [220][221].	 In	
general,	 these	 studies	 conclude	 that	 transition	 fuels	 like	 charcoal	 and	
briquette	 are	 more	 efficient	 and	 favorable	 choice	 for	 a	 cooking	 fuel.	
However,	 these	 studies	 were	 based	 on	 commercially	 available	 cooking	
fuels,	which	is	not	relevant	for	many	rural	households.	If	a	household	has	
to	make	their	own	cooking	fuel,	as	in	case	of	rural	areas,	the	time	spent	
on	making	cooking	 fuel	 i.e.	charcoal	must	be	 taken	 into	account.	These	
studies	confirm	that	there	are	significant	amount	of	various	cooking	fuel	
available	 in	 rural	 areas.	 But,	 there	 is	 an	 ongoing	 dilemma	 among	 rural	























It	 is	 estimated	 that	 about	 40%	 of	 the	 total	 direct,	 commercial	 and	
non-commercial	energy	use	 in	 India	 is	 in	 the	household	sector	 [223].	 In	
rural	 areas,	 cooking	 dominates	most	 of	 the	 energy	 consumption	 [219].	
According	to	recent	figures	from	the	National	Sample	Survey	(NSS)	[224],	
this	cooking	energy	demand	is	met	mostly	by	unprocessed	biomass	fuels	
(88.4%)	 viz.,	 fuel	 wood,	 agricultural	 crop	 residues,	 dung	 cakes,	 etc.	 In	
India,	almost	85%	of	rural	households	are	still	dependent	upon	firewood,	
crop	 residues	 or	 cow	 dung	 as	 their	 primary	 source	 of	 fuel	 for	 cooking	
[202][225].	 Fig.	 4.1	 shows	 that	 Indian	 households	 in	 rural	 areas	 rely	
heavily	 on	 fuelwood,	 whereas	 urban	 consumers	 depend	 on	 electricity	
and	LPG.	There	is	a	vast	gap	in	energy	use	between	rural	and	urban	areas	
of	 India;	 in	 rural	 areas	 fuelwood	 is	 in	 high	 demand,	 whereas	 in	 urban	
areas	electricity	is	mostly	used.	
While	 India	 has	 recently	 launched	 the	National	 Biomass	 Cookstoves	
Initiatives	 (NCI)	 to	 develop	 new	 cookstoves	 and	 replace	 old	 traditional	
cookstoves	 [225],	 it	 appears	 that	 the	 use	 of	 transition	 fuels	 (charcoal,	
kerosene,	and	coal)	is	almost	non-existent	in	rural	areas.	
The	 percentage	 of	 households	 depending	 on	 firewood	 and	 wood-
chips	for	cooking	exceeded	70%	in	rural	areas	 in	all	major	states	except	















Assam	 is	 situated	 in	 the	 North-Eastern	 part	 of	 India.	 It	 is	
predominantly	rural	and	the	economy	primarily	agrarian	in	nature,	with	
almost	 70%	 of	 the	 population	 directly	 dependent	 on	 agriculture	 as	 a	
source	 of	 income	 and	 another	 15%	 of	 the	 population	 dependent	 on	
allied	activities	for	their	living	[226].	Some	35%	of	the	geographical	area	
is	covered	by	forest,	but	these	are	degrading	at	a	very	high	rate.	Some	of	
the	 important	 forest	 products	 are	 industrial	 wood,	 fuelwood,	 bamboo	






























Earlier	 studies	 have	 applied	 a	 common	 model	 “Energy	 ladder”,	 to	
describe	the	household	fuel	choices	in	developing	countries.	This	model	
links	 the	differences	 in	energy-use	patterns	between	households	 to	 the	
variations	 in	 economic	 status	 [228][229][230][231].	 It	 suggests	 that	 as	
families	gain	socio-economic	status,	they	abandon	technologies	that	are	











the	 “energy	 stack”	 model	 [230][232][233].	 This	 model	 suggests	 that	
households	do	not	fully	abandon	cooking	fuels	in	favor	of	efficient	ones,	
but	 rather	 they	 integrate	 those	 gradually	 into	 their	 households	
[234][235].	
		 Studies	have	been	done	on	rural	household	energy	potential,	energy	
resource	 allocation,	 cookstoves	 and	 fuelwood	 material	 [55][236][237].	
Many	 studies	 have	 been	 done	 on	 different	 types	 of	 cookstoves	 using	
charcoal,	 examining	 efficiency	 and	 impact	 on	 health	 and	 environment	
[238].	 Charcoal	 is	 considered	 a	 more	 efficient	 domestic	 fuel	 than	
fuelwood.	 Hence,	 charcoal	 consumption	 is	 increasing	 not	 only	 in	 rural	




and	 dung	 [28].	 In	 the	 production	 chain	 of	 fuelwood	 and	 charcoal,	 the	
main	 technologies	 are	 the	 traditional	 cookstove	 and	 the	 charcoal	
production	kilns.	In	addition	to	technology,	time	needs	to	be	considered.	
Since	 people	 from	 rural	 areas	 are	 involved	 in	 many	 time-consuming	
agricultural	 activities,	 each	 second	 of	 time	 is	 important	 for	 them.	 The	
question	 then	 is	 whether	 charcoal	 offers	 adequate	 efficiency	 to	 be	
adopted	by	households	in	rural	areas.		
4.3.	Materials	and	methods	
		 A	 hypothetical	 cooking	 energy	 system	 has	 been	 developed	 for	 the	
case	 study	 area.	 The	 selection	 of	 cooking	 energy	 system	was	 based	on	
the	 availability	 of	 cooking	 fuels	 and	 cookstoves	 in	 the	 case	 study	 area.	
The	study	starts	with	the	analysis	of	the	present	cooking	energy	system.	
Thus,	 data	 were	 collected	 related	 to	 each	 household’s	 fuelwood	
consumption	and	cooking	time	per	day	per	household.	Calculations	were	
done	to	obtain	each	household’s	energy	demand	for	cooking	while	using	
a	 traditional	 3-stone	 fire	 for	 fuel	 combustion.	 Subsequently,	 other	
hypothetical	 cooking	 energy	 systems	were	 taken	 into	 consideration	 by	
replacing	 the	 present	 fuelwood/cookstove	 combination	 with	 more	

















We	 developed	 a	 systematic	 approach	 for	 creating	 a	 hypothetical	
model	 to	 understand	 the	 feasibility	 of	 using	 efficient	 technology	 for	
cooking	in	rural	areas.	From	the	fuelwood	consumption	perspective,	we	
considered	 Scenario	 1,	 where	 we	 calculate	 the	 direct	 consumption	 of	
fuelwood	 for	 cooking,	 the	 time	 required	 for	 collection	of	 fuelwood	and	
the	 useful	 energy	 demand	 for	 cooking.	 Fig	 4.4,	 describes	 the	
methodology	used	for	this	study.	It	has	been	divided	into	four	scenarios,	
which	are	briefly	described	below:	
a) Scenario	 1	 (SN	 1):	 This	 is	 the	 present	 situation	 in	 the	 village,






fuelwood	 is	 replaced	 by	 charcoal.	 In	 this	 scenario,	 charcoal	 is
used	with	a	traditional	cookstove	(TCS).
i. SN	 3	 (a):	 charcoal	 is	 produced	 by	 using	 a	 200-liter
horizontal	drum	kiln
ii. SN	3	 (b):	 charcoal	 is	produced	by	using	an	Adam	Retort
charcoal	kiln
d) Scenario	 4	 (SN	 4):	 This	 is	 the	 last	 developed	 scenario,	 where
charcoal	is	used	in	an	improved	cookstove	(ICS).
i. SN	 4	 (a):	 charcoal	 is	 produced	 by	 using	 a	 200-lt
horizontal	drum	kiln
ii. SN	4	 (b):	 charcoal	 is	produced	by	using	an	Adam	Retort
charcoal	kiln
In	the	last	two	scenarios	SN	3	and	SN	4,	charcoal	is	produced	by	using	










scale	 production	 and	 an	 Adam	 Retort	 charcoal	 kiln	 for	 large-scale	
production.		
The	 200-lt	 horizontal	 drum	 charcoal	 kiln	 can	 be	made	 by	 using	 two	
200-lt	Oil	 drums	 and	 a	 few	bamboo	poles	 for	 support.	 This	 technology
can	yield	about	12-18	kg	of	charcoal	from	60-80	kg	of	fuelwood	giving	an
efficiency	 of	 about	 20%	 [240][241].	 It	 takes	 1.3-9.4	 hours	 for
carbonization,	 depending	 upon	 the	 type	 of	 wood	 and	 its	 size.	 This
method	for	charcoal	production	is	very	beneficial	for	small	family	of	4-5
members.
An	 Adam	 retort	 charcoal	 kiln	 is	 a	 stationary	 charcoal	 kiln	 made	 of	
bricks.	 A	 3	 -m3	 volume	 of	 wood	 chamber	 can	 be	 loaded	 with	
approximately	750	kg	of	wood	with	some	moisture	in	it	[242].	And,	about	
50	 kg	 of	 waste	 wood	 is	 required	 in	 the	 whole	 process	 of	 charcoal	
production.	 	 The	 efficiency	 can	 be	 as	 high	 as	 35-40%	 and	 noxious	
emissions	can	be	reduced	by	70%	[241][243].		
	 The	useful	energy	demand	from	scenario	1	 is	taken	as	the	reference	
value	 (i.e.	 energy	 demand)	 for	 the	 other	 scenarios.	 In	 scenario	 2,	 the	
traditional	 cookstove	 is	 replaced	 by	 improved	 cookstove	 (ICS).	
Considering	 useful	 energy	 from	 scenario	 1	 as	 energy	 demand	 for	
scenario	2,	the	fuelwood	required	and	time	demand	will	be	calculated.	In	
case	of	 scenario	3,	 charcoal	 is	 produced	 from	 two	different	 kilns	 and	a	

















India	 [245].	 The	 majority	 of	 the	 data	 were	 collected	 through	 a	 mixed	




As	 per	 2011	 census,	 91.11%	 population	 of	 Sonitpur	 district	 lives	 in	
rural	areas.	The	total	population	of	the	Sonitpur	district	residing	in	rural	
areas	 is	 1,754,835.	 There	 are	 1748	 villages	within	 the	 Sonitpur	 district.	
And	 the	 case	 study	 done	 on	 this	 paper	 is	 one	 of	 the	 villages	 from	
Sonitpur,	 i.e.	the	village	of	Napaam.	The	total	 land	area	of	this	village	is	












During	 the	 observation	 period,	 each	 and	 every	 household	 were	
visited	 with	 a	 structured	 questionnaire	 and	 requested	 to	 indicate	 the	
amount	 of	 fuelwood	 collected	 every	 week,	 the	 time	 required	 for	
collection	 of	 fuelwood	 and	 the	 number	 of	 people	 participating	 in	 the	
collection	 from	 every	 household.	 During	 interrogation,	 some	 of	 the	
questions	 were	 about	 the	 areas	 from	 where	 a	 household	 normally	
collects	their	fuelwood	and	the	purpose	of	its	use.	
		 This	 village	 has	 178	 households	 with	 an	 average	 of	 5	 persons	 per	
household	 with	 a	 total	 of	 some	 870	 people.	 The	 data	 collected	 was	
based	on	the	number	of	persons	per	household,	fuelwood	collection	per	
day	(kg/day)	and	fuelwood	use	per	day	per	household	(kg/hhd/day).	
Accordingly,	 fuelwood	 consumption	 was	 measured	 by	 using	 a	
weighted	 survey	method	 [205][206][247].	 Each	 household	 was	 given	 a	
weighted	 amount	 of	 fuelwood	 (i.e.	 45	 kg)	 and	 then	 requested	 to	 use	




This	 study	 depends	 on	 the	 useful	 energy	 and	 fuelwood	 demand	 for	
different	 cooking	 energy	 systems.	 This	 section	 will	 give	 an	 in-depth	




amount	 of	 fuelwood	 used	 per	 household	 per	 year	 with	 the	 energy	
density	 of	 wood	 and	 traditional	 cookstove	 efficiency,	 as	 given	 in	
equation	4.1.	
Eu=	Fw	×	Ew	×	𝜼𝜼t	×	𝜼𝜼k (4.1)	
where,	Eu	 is	 the	useful	energy	demand	 (MJ/hhd/yr),	 Fw	 is	 the	 fuelwood	
used	per	household	per	year	(kg/hhd/yr),	Ew	is	the	energy	density	of	the	
fresh	 wood	 (MJ/kg)	 and	𝜂𝜂 t	 is	 the	 cookstove	 efficiency	 of	 traditional	
cookstove	 (0-1)	 and	𝜂𝜂k	is	 the	 kiln	 efficiency	 (0-1).	 For	 scenario	 1	 and	 2,	













In	 this	 scenario,	we	 have	 considered	 an	 improved	 cookstove.	 There	
are	 various	 cookstoves	 available,	 but	 in	 this	 study	we	 have	 specifically	
assumed	 a	 “Meghalaya	 cookstove”,	 since,	 it	 has	 been	 developed	
prominently	 for	 Northeastern	 part	 of	 India	 (Fig.	 4.6),	 and	 it	 does	 not	
requires	educational	background	for	its	construction.	It	has	an	efficiency	
of	 24%	 [249].	 This	 cookstove	 can	 use	 fuelwood,	 dung	 and	 agriculture	
residues.	
Fig.	4.6.	Meghalaya	cookstove	[249]	

















As	 we	 discussed	 earlier,	 that	 in	 this	 study	 we	 have	 considered	 two	
technologies	 for	 charcoal	 production	 i.e.	 a	 200-lt	 horizontal	 Drum	
Charcoal	Kiln	 (for	 small-scale	production)	and	an	Adam	Retort	Charcoal	






𝑬𝑬𝑬𝑬𝑬𝑬 × 𝑬𝑬𝑬𝑬 × 𝜼𝜼𝒌𝒌 × 𝜼𝜼
(4.2)	
where	Eu	 is	 the	useful	energy	demand	 (MJ/hhd/yr),	Ech	 refers	 to	 the	
calorific	value	of	fuel	(MJ/kg),	Ec	is	the	final	energy	using	cookstove	(MJ),	
𝜂𝜂 k	 is	 the	 efficiency	 of	 the	 kilns	 (%)	 and	𝜂𝜂 	is	 the	 efficiency	 of	 the	
cookstoves	 (%).	 In	 our	 study,	 the	 charcoal	 kiln	 efficiency	 for	 a	 200-lt	
horizontal	drum	kiln	is	considered	to	be	20%	[211][250]	and	for	an	Adam	
Retort	 charcoal	 kiln	 to	 be	 40%	 [242].	 The	 calorific	 value	 of	 charcoal	 is	
assumed	to	be	28	MJ/kg	[216][225].	
4.3.4.4.	SN	4:	Charcoal	with	improved	cookstove	





	 In	 the	process	of	 fuelwood	collection,	a	household	needs	 to	make	a	





























fuelwood	 collection	 time	 and	 the	 charcoal	 production	 process	 time.	
Wood	 charcoal	 production	 is	 a	 labour	 intensive	 activity,	mainly	 carried	
out	by	men,	employing	people	at	different	stages	of	the	charcoal	process	
[251].	In	this	study,	we	have	calculated	time	estimation	in	two	different	
ways,	 i.e.	 Gross	 labour	 time	 and	 Net	 labour	 time.	 These	 can	 be	
determined	in	the	following	ways:	
I. Gross	labour	conversion	time	(Tco,G):	The	time	required	for	charcoal
making	 in	 charcoal	 kiln	 throughout	 the	 whole	 process,	 which
includes	 labour	 time	 and	 also	 charcoal	 processing	 time	 (i.e.	 time
required	in	kiln).
II. Net	 labour	conversion	 time	 (Tco,N):	 The	 time	required	 for	charcoal
making	 in	 a	 charcoal	 kiln,	 only	 for	 all	 the	 activities	 requiring









where	Fin	 is	 the	fuelwood	 input	(in	kg)	 inside	the	kiln	to	make	charcoal,	
Fch	is	the	fuelwood	needed	for	charcoal	production	(kg)	and	T	is	the	gross	











fuelwood,	 unloading	 of	 charcoal,	 cleaning	 of	 the	 kiln	 and	 the	 whole	




Napaam.	 This	 village	has	178	households,	 and	data	 sampling	was	done	
from	each	and	every	households.	The	average	number	of	members	per	
household	 is	 5.	 The	 survey	 found	 that	 fuelwood	 was	 the	 major	 and	
nearly	 only	 fuel	 used	 for	 cooking.	 Few	households	 reported	 using	 LPG,	
but	mostly	 during	 some	 occasion,	which	 is	why	 in	 our	 study	we	 found	
LPG	 usage	 nearly	 negligible.	 The	 average	 demand	 of	 fuelwood	 for	
cooking	per	households	 is	approximately	6.57	kg/day.	 	The	average	per	
capita	 consumption	 of	 fuelwood	 is	 about	 1.45	 kg/capita/day	 with	
standard	deviation	of	0.83	and	variance	0.689.	There	are	reports	of	other	




hence,	 they	 collect	 their	 fuelwood	 from	 open	 spaces	 and	 forest.	 The	
income	 from	 small	 occupation	 like	 selling	 vegetables	 and	 seasonal	
masonry	work	 are	 used	 to	 cover	 household	 expenses	 like	 clothing	 etc.	
Thus,	 it	 is	 the	 time,	 which	 they	 have	 to	 spend	 to	 collect	 their	 cooking	
energy	fuel	for	fulfilling	their	demand.	
		 In	 this	 study,	 SN	 1	 is	 the	 baseline	 scenario	 for	 the	 other	 developed	





on	 average	 about	 7	 kg	 of	 wood	 per	 day	 in	 Napaam	 village.	 Thus,	 a	
household	requires	2588	kg	of	fuelwood	per	year,	which	results	in	about	
104	 trips	 per	 year.	 Hence,	 by	 using	 equation	 4.3,	 we	 found	 that	 it	
requires	 828	 hrs/yr	 for	 a	 household	 to	 collect	 fuelwood.	 By	 using	
Equation	4.1,	we	found	that	the	gross	energy	demand,	which	is	the	final	
cooking	 energy	 demand	 per	 household,	 is	 43.4	 GJ/hhd/yr.	 This	 gross	
energy	demand	is	the	final	energy	received	by	the	cooking	pot	placed	at	












are	using	traditional	cookstoves,	 thus,	we	assume	 it	 to	be	10%	efficient	
[225][28][253].	 By	using	 Equation	4.1,	we	 found	 that	 the	useful	 energy	
demand	 for	 a	 household	 is	 4	 GJ/yr	 (see	 Table	 4.2).	 This	 energy	 is	 the	
energy	 demand	 to	 calculate	 fuelwood	 demand	 for	 the	 developed	
hypothetical	scenarios.	
In	 India,	 the	working	 hours	 of	 a	 service	 person	 is	 about	 1960	hours	
per	 year	 which	 accounts	 for	 22%	 of	 total	 time	 in	 a	 year	 [16][17],	 and	
notably,	from	our	study	we	found	that	in	rural	area	one	household	has	to	
spend	10%	of	their	total	time	just	to	collect	fuelwood.	It	is	important	to	















This	 study	 considers	 that	 charcoal	 is	 made	 from	 fuelwood.	 The	
cooking	energy	demand	for	SN	2-4	is	4	GJ/hhd/yr.	By	using	equation	4.2,	
we	 found	 that	 charcoal	 produced	 by	 using	 200-lt	 horizontal	 drum	 kiln	
and	TCS	for	cooking,	demands	7765	kg	fuelwood	per	year.	
According	 to	 the	 “energy	 ladder”	 model,	 if	 we	 opt	 to	 move	 higher	
along	the	ladder,	then	the	next	option	for	transition	fuel	after	fuelwood	
is	charcoal.	However,	more	fuelwood	 is	required	to	make	charcoal.	 It	 is	















From	 literature,	 we	 found	 that	 normally	 4-6	 kg	 of	 fuelwood	 is	
required	 to	 produce	 1	 kg	 of	 charcoal	 [228][254].	 But,	 using	 improved	
kilns	 for	 charcoal	 production,	 the	 fuelwood	 demand	 has	 decreased	
almost	 by	 a	 factor	 of	 2.	 In	 SN	 3,	 when	 charcoal	 is	 produced	 by	 200-lt	
horizontal	 drum	 kilns	 and	 is	 then	 used	 in	 a	 traditional	 cookstove	 for	
cooking,	the	fuelwood	requirement	is	7765	kg.	But,	the	interesting	fact	is	
that,	 just	by	replacing	a	traditional	cookstove	with	an	ICS,	the	fuelwood	
demand	 decreases	 by	 3-fold.	 The	 final	 hypothetical	 scenario,	 i.e.	 SN	 4,	
indicates	 that	 the	 fuelwood	 demand	 for	 an	 ICS	 using	 an	 Adam	 retort	
charcoal	 kiln	 is	 almost	 equivalent	 to	 SN	 2.	 Our	 research	 shows	 that,	
although	 charcoal	 has	 higher	 energy	 content	 than	 fuelwood,	 its	
production	requires	a	lot	of	fuelwood.	However,	from	all	the	scenarios	it	





According	 to	our	 findings,	currently	a	household	has	 to	 invest	about	
828	hours	per	year	merely	for	fuelwood	collection.	Fig.	4.9	indicates	the	
amount	 of	 time	 required	 for	 the	 various	 scenarios.	 The	 case	 of	 SN	 3a	














ICS	 (i.e.	 SN	4b),	which	demands	 the	 least	 time	 for	 fuelwood	 collection.		
Employing	 an	 ICS	 for	 cooking	 has	 the	 strongest	 influence	 in	 the	 time	
demand	for	fuelwood	collection.	But,	remarkably	in	case	of	SN	4a,	when	
an	 ICS	 is	used,	 it	nevertheless	demands	almost	4	 times	more	time	than	





The	 process	 of	 charcoal	 production	 requires	 lot	 of	 time	 for	
households	 [255].	 But	 as	 stated,	 it	 can	 be	 divided	 into	 gross	 and	 net	
labour	 time.	 It	 can	 be	 seen	 in	 Fig	 4.10,	 that	 the	 labour	 and	 gross	 time	
depends	 significantly	 on	 the	 charcoal	 kiln	 and	 cookstove	 type.	 In	 both	
labour	and	gross	 time,	 the	scenario	SN	3a	requires	highest	 time	among	
all	the	scenarios.	However,	on	comparing	both	SN	4	and	SN	3,	we	found	
that	 charcoal	 produced	 by	 using	 a	 200-lt	 horizontal	 drum	 kiln	 requires	
more	time	than	an	Adam	retort	charcoal	kiln,	regardless	of	the	use	of	an	




scale	 charcoal	 production.	 Hence,	 if	 a	 single	 household	 decides	 to	












The	 total	 time	 requirement	 is	 the	 aggregate	 time	 demand	 in	 the	
cooking	 fuel	 production	 chain,	which	 includes	 fuelwood	 collection	 time	
and	 charcoal	 conversion	 time.	 It	 is	 interesting	 to	 find	 that	 trend	 of	
fuelwood	requirement	for	a	household	has	the	same	time	demand.	In	Fig	




In	 case	 of	 SN	 1	 and	 SN	 2,	 we	 have	 only	 gross	 time	 because	 the	
fuelwood	production	chain	does	not	have	any	other	technology	involved	
in	it,	which	requires	additional	labour.	Thus,	it	is	interesting	to	find	that,	
SN	2	 is	 the	most	 time	efficient	 cooking	 fuel	production	option	 for	 rural	
households.	It	requires	only	345	hours	per	year,	which	is	significantly	less	











irrespective	 of	 charcoal	 being	 a	 more	 efficient	 fuel	 than	 fuelwood,	 it	
requires	maximum	time	for	production.		
Other	studies	have	concluded	that	income	is	a	significant	factor,	but,	
it	 does	 not	 confirm	 that	 is	 really	 affects	 the	 use	 of	 cleaner	 fuels.	 It	 is	
more	important	to	understand	the	social	and	technological	factors	[256].	
In	 earlier	 paragraph,	 it	 has	 already	 been	 stated	 that	 a	 service	 person	
works	approximately	for	1960	hours	per	year.	To	get	an	overview	of	our	




INR	 4167	 [257][258]	 (≈	 $	 65	 [259]).	 A	 survey	 near	 our	 study	 area,	
discovered	that	it	has	a	market	for	fuelwood	where	per	kg	fuelwood	cost	
about	 INR	3/kg	(≈	$	0.046	[259]).	Assuming	the	per	capita	 income	from	
other	 study	 and	 fuelwood	market	 cost	 from	 our	 survey	 study	 of	 other	
village,	 we	will	 analyze	 the	 trade-off	 between	 time	 cost	 and	 fuelwood	





Assuming	 the	 same	 income	 level	 for	 our	 178	 households,	we	 found	
that	 households	 using	 traditional	 cookstoves	 are	 economically	
hampered.	In	1	hour	a	rural	person	normally	earns	about	$0.40.	For	the	
baseline	 scenario	 SN1,	 a	 household	 spending	 828	 hours	 per	 year	 for	
cooking	 fuel	 collection,	 can	earn	about	$331	 if	 they	had	opted	 to	work	
for	 other	 purpose.	 However,	 if	 we	 consider	 the	 fuelwood	 market	
scenario	 SN	 1,	 for	 2588	 kg	 of	 fuelwood,	 it	 will	 cost	 about	 INR	 7764	 (≈	
$119	[259]).	 	But	for	SN	3a,	the	time	cost	is	almost	3	times	than	that	of	
SN1	 i.e.	 $	 994.	 Now,	 if	 a	 household	 opts	 for	 SN	 3a	 scenario,	 they	 will	
have	 to	 spend	 just	 18%	 of	 their	 annual	 income	 to	 buy	 fuelwood	 from	
market,	or	else	 they	are	almost	 losing	50%	of	 their	 income	 in	 the	 time	
expended	while	collecting	fuelwood.	In	all	the	scenarios,	the	cost	of	time	












Thus,	 in	 economic	 perspective,	 we	 can	 conclude	 that	 for	 all	 the	
scenarios,	if	there	is	a	market	available	for	household,	then	its	better	to	
buy	fuelwood	than	to	produce	its	own	cooking	fuel.	As	there	is	a	trade-




of	 end-use	 energy	 i.e.,	 fuelwood	 and	 charcoal	 with	 improved	 and	
traditional	 cookstoves	 has	 been	 done.	 In	 our	 analysis,	 we	 distinctively	
selected	 two	 different	 types	 of	 charcoal	 producing	 kilns.	 This	
hypothetical	 analysis	 of	 cooking	 fuels	 and	 cookstoves	 is	 done	 for	 a	
specific	case	study	area.		
		 As	expected,	we	found	that	in	the	production	of	charcoal	using	any	of	
the	 kilns,	 the	 fuelwood	 requirement	 is	 very	 high,	 which	 results	 in	 an	
increased	number	of	trips	for	fuelwood	collection	by	women.		
An	 interesting	 result	 is	 that	 using	 fuelwood	 with	 an	 improved	
cookstove	 saves	 more	 time	 of	 women	 than	 by	 using	 charcoal	 with	 an	
improved	 cookstove.	 This	 could	be	one	of	 the	 reasons	 that	households	
still	 prefer	 to	 use	 fuelwood	 over	 charcoal,	 as	 charcoal	 production	
requires	lots	of	time.	This	also	shows	that	the	“energy	ladder”	or	“energy	
stack”	model	 is	 quite	 evident	when	 households	 buy	 their	 cooking	 fuel,	
but	 when	 they	 opt	 for	 producing	 their	 own	 cooking	 fuel,	 then	 these	
models	are	not	valid.	
Many	 Government	 projects	 failed	 to	 compel	 rural	 households	 to	












Government	 of	 India	 has	 already	 initiated	 projects	 related	 to	 ICS,	 by	
increasing	 its	 access	 and	 availability	 to	 rural	 households.	 One	 of	 such	
project	is	National	Biomass	Cookstove	Programmes	[224].	A	recent	study	
of	ICS	distribution	in	the	Odhisa	state	of	India	indicated	a	91%	reduction	
in	 fuelwood	 use	 compared	 to	 that	 associated	 with	 traditional	 stove	
utilization	 [260].	 Furthermore,	 these	households	without	 ICS	 lose	 twice	
the	number	of	productive	hours	only	on	fuelwood	collection,	which	they	












































traditional	 cookstove	 (TCS).	 Women	 are	 the	 backbone	 of	 the	 cooking	


























Despite	 the	 rapid	 technological	 advancements,	 about	 60%	 of	 the	
populations	 of	 developing	 countries	 and	 40%	 of	 the	 global	 population	
depend	on	solid	fuels	for	cooking	[1][2].	These	solid	fuels,	like	fuelwood,	
charcoal,	 animal	 manure	 and	 agricultural	 wastes	 are	 mostly	 used	 as	
primary	cooking	 fuel	with	 traditional	cookstoves	 (TCS)	 [263].	This	 is	 the	
most	 inefficient	 form	 of	 a	 cooking	 energy	 system,	 since	 TCS	 has	 an	




fuelwood,	since	 it	 is	easily	accessible	and	economically	viable	 for	 them.	
They	 spend	 most	 of	 their	 time	 collecting	 fuelwoods	 from	 forests	 or	
nearby	 areas	 [121].	 However,	 other	 than	 collecting	 fuelwood	 and	
cooking,	 they	 also	 have	 additional	 household	 chores	 and	 activities.	 All	
these	metabolic	energy	intensive	laborious	activities	go	unaccounted	for	
[61].	 Previous	 research	 suggests	 that	 the	 time	 investment	 problem	 in	
fuelwood	collection	can	be	solved	by	switching	to	 improved	cookstoves	






hampering	sustainable	development	 in	 rural	areas.	Currently,	 there	 is	a	




production	 of	 solid	 fuels,	 women	 have	 to	 collect,	 chop,	 and	 carry	
fuelwood	from	a	forest	to	their	respective	houses.	After	all,	households	
are	 not	 only	 users	 but	 also	 often	 producers	 of	 energy	 carriers.	 Other	
high-energy	content	solid	fuels	like	charcoal	and	briquettes	require	more	
work	 in	 their	 production.	 Although	 there	 are	 studies	 on	 the	 increasing	
energy	content	in	these	solid	fuels,	which	are	currently	more	technology	
specific,	much	less	has	been	reported	on	the	actual	time	and	metabolic	
energy	 required	 in	 the	 production	 of	 these	 solid	 fuels	 [249].	 It	 has	




























of	 time	 and	 human	 energy,	 these	 are	mostly	 excluded	 from	 an	 energy	
balance	 and	 life-cycle	 analysis.	 However,	 they	 are	 a	 very	 important	
contributor	 to	 the	 analysis,	 since	women	 have	 to	 spend	 their	 valuable	
time	and	energy,	which	could	be	used	for	other	purposes	[268].	
Metabolic	 energy	 is	 expressed	 as	 human	 energy	 expenditure	 (HEE),	
which	 is	 rarely	measured	and	usually	excluded	 from	 the	energy	 system	
analysis,	 despite	 the	 fact	 that,	 while	 producing	 cooking	 energy,	 a	 high	
amount	of	HEE	is	required	[15][16].	Other	findings	pointed	out	that	this	
could	 be	 one	 of	 the	 reasons	 for	 the	 failure	 of	 many	 cooking	 energy	
projects	 [61].	 These	 studies	on	women	and	 sustainable	energy	 indicate	
that	labour	saving	technologies	mostly	fail	to	include	women’s	time	and	
energy	 in	 their	 designs	 [272].	 Therefore,	 studies	 concluded	 that	
renewable	energy	manufacturers	fail	 to	 identify	the	 importance	of	time	
and	HEE,	which	clearly	affects	the	selection	of	cooking	energy	[62].	
Thus,	 the	main	objective	of	 this	paper	 is	 to	assess	 the	time	and	HEE	
requirement	 in	the	production	of	different	cooking	fuels	using	different	
cookstoves.	In	this	paper,	we	have	four	hypothetical	alternative	cooking	
energy	 systems.	 We	 made	 a	 cooking	 energy-balance	 analysis,	 which	
includes	 time	 requirement	 and	 HEE	 to	 produce	 cooking	 fuel.	 The	
assessment	 was	 carried	 out	 using	 Nepal	 as	 a	 case	 study.	 This	 analysis	
consists	of	two	parts.	In	the	first	part,	we	calculated	the	time	and	HEE	for	
the	 presently	 existing	 cooking	 system	 in	 rural	 Nepal	 (i.e.	 the	 baseline	
scenario).	 In	 the	 second	 part,	 we	 calculated	 the	 time	 and	 HEE	 for	 the	
four	alternative	 cooking	energy	 systems.	 Finally,	 results	were	discussed	





and	 HEE.	 The	 system	 describes	 all	 the	 processes	 needed	 to	 produce	
useful	 energy	 (i.e.	 the	 number	 of	 MJs	 of	 thermal	 energy	 produced	 by	
fuelwood	for	cooking.	This	study	 follows	a	system	approach,	where	the	
present	 existing	 cooking	 energy	 situation	 of	 the	 case	 study	 area	 (i.e.	
Nepal)	is	regarded	as	the	baseline	scenario.	The	hypothetical	alternative	
cooking	 energy	 systems	 are	 a	 combination	 of	 different	 ICS	 and	 energy	











For	 this	 study,	 we	 assumed	 that	 women	 carried	 out	 all	 the	 work,	
which	 includes	 the	 collection	 and	 production	 of	 cooking	 fuel	 for	 the	
whole	household.	
5.2.1.	Baseline	Scenario	
In	 this	 baseline	 scenario,	 rural	 households	 mainly	 use	 fuelwood	 in	
TCS.	 The	 harvested	 fuelwood	 is	 left	 to	 dry.	 The	 calorific	 value	 (CV)	 of	
fuelwood	 is	 assumed	 to	 be	 14	 MJ/kg	 dry	 weight	 [18][19].	 A	 TCS	 is	
assumed	 to	 have	 10%	 cookstove	 efficiency	 (𝜂𝜂cv	 %)	 in	 converting	 the	
energy	 present	 in	 fuelwood	 into	 useful	 energy	 for	 cooking	 [274].	 The	
efficiency	 is	 much	 lower,	 since	 in	 TCS	 most	 of	 the	 heat	 is	 lost	 to	 the	





The	 four	 alternative	 cooking	 energy	 systems	 are	 combinations	 of	
different	 cooking	 fuels	and	cookstoves.	 In	System	1,	we	used	 fuelwood	
and	ICS.	For	System	2	and	System	3,	we	considered	charcoal	as	cooking	
fuel.	However,	for	System	2,	we	used	TCS	and	for	system	3	ICS.	In	System	
3,	 we	 used	 briquettes	 as	 cooking	 fuel	 and	 ICS.	 We	 chose	 to	 only	 use	
products	 of	 fuelwood	 as	 cooking	 fuel,	 since	 fuelwood	 is	 the	 most	
preferred	 cooking	 fuel.	 Charcoal	 and	 briquettes	 are	 the	 next	 most	
preferred	 transition	 fuel	 after	 fuelwood.	 They	 are	 more	 preferable	 to	
use,	 yet	 do	 not	 change	 the	 whole	 existing	 cooking	 system.	Moreover,	





























System	1	 In	this	system,	ICS	 is	 introduced	into	the	baseline	scenario.	 In	
our	 study,	 we	 assume	 that	 the	 households	 residing	 in	 our	
selected	 area	 of	 study	 uses	 Mud-Rocket	 stove	 for	 cooking	
[178].	This	improved	cookstove	has	an	efficiency	of	about	25%	
[275].		
System	2	 In	this	system,	the	 low-energy	content	fuelwood	 is	converted	
into	high-energy	content	fuel,	i.e.	charcoal.	The	calorific	value	
of	 charcoal	 is	 28	 MJ/kg	 [21][22].	 We	 considered	 200-lt	
horizontal	 drum	 kilns	 to	 prepare	 charcoal.	 FAO	 considered	 it	
as	 low	cost	 technology	for	rural	people	 [243].	The	charcoal	 is	
made	 in	 200-litre	 oil	 drum.	 Around	 18	 kg	 of	 charcoal	 can	 be	
obtained	 per	 batch	 using	 drum	 kiln	 [242].	 The	 cookstove	 is	
TCS.	
System	3	 The	 system	 3	 is	 a	 combination	 of	 charcoal	 and	 ICS.	 The	
charcoal	 production	 procedure	 is	 same	 as	 that	 of	 system	 2.	




biomass	 materials.	 Since	 charcoal	 loses	 its	 plasticity	 during	
carbonization,	 it	 needs	 a	 sticking	 material	 to	 enable	 a	
briquette	to	be	formed.	The	charcoal	powder	is	mixed	with	10-
15%	 dry	 clay	 soil.	 Dry	 clay	 soil	 is	 an	 important	 component,	
since	 it	 keeps	 that	 briquette	 intact.	 This	 means	 that	 the	
briquette	 contains	 about	 15%	 binder	 and	 85%	 of	 charcoal	
powder	 by	 weight.	 The	 calorific	 value	 of	 such	 charcoal	
briquettes	 with	 the	 binder	 is	 about	 22	 MJ/kg	 [277].	 The	
briquettes	 produced	 can	 be	 used	 in	 a	 traditional	 stove	 or	 a	
specifically	 designed	 briquette	 stove.	 An	 improved	 briquette	
stove	 has	 much	 higher	 efficiency	 compared	 to	 a	 TCS.	 We	
















A	 basic	 rural	 cooking	 energy	 system	 consists	 of	 cooking	 fuel,	 a	
cookstove,	 and	 labour	 involved	 in	 the	 production	 of	 cooking	 fuel.	 The	
primary	 cooking	 fuel	 is	 fuelwood,	 which	 is	 collected	 by	 women.	 Our	
study	does	not	consider	any	specific	cultural	diet	or	cooking	procedure	in	







system	 for	which	 the	households	 in	Nepal	use	 fuelwood	and	TCS.	They	
collect	fuelwood	from	the	forest	and	chop	it.	For	the	alternative	cooking	
energy	system,	we	assume	that	the	fuelwood	from	the	baseline	scenario	

























kiln.	 In	 this	 study,	 kiln	 operation	 for	 charcoal	 production	 has	 been	
restricted	 to	 one	 type	 of	 kiln	 (i.e.	 a	 200	 l	 drum	 kiln),	 since	 this	 kiln	 is	
affordable	for	rural	people	[243].	We	further	assumed	that	the	briquette	
is	 made	 from	 the	 charcoal,	 which	 was	 initially	 made	 from	 fuelwood.	
Briquettes	 from	 agricultural	 waste	 are	 not	 feasible	 for	 this	 study,	
because	 the	 crop	 residues	 are	 used	 to	 feed	 animals.	 In	 our	 system,	 a	




estimated	 population	 of	 about	 28	 million	 people	 and	 an	 annual	
economic	growth	of	2.7%	[280].	About	80%	of	the	population	resides	in	
rural	areas	[29][30].	Nepal’s	energy	sector	has	been	categorised	as	a	low	
energy	 consumption	 sector	 because	 of	 its	 small,	 inefficient	 and	





several	 hours	 per	 day	 on	 this,	 often	 travelling	 significant	 distances,	
making	 it	 very	 strenuous	 work	 for	 them	 [36][37].	 This	 study	 has	 been	
carried	 out	 in	 three	 Eastern	 mid-hill	 districts	 of	 Nepal,	 namely,	 Ilam,	
Taplejung,	and	Panchtar.	
5.3.3.	Data	Collection	
For	 data,	 we	 refer	 to	 the	 project	 conducted	 by	 WINROCK	
International:	“Promotion	of	Cooking	Stove	Use	in	Nepal	[290]”	in	2013.	
The	project	aimed	to	investigate	the	fuelwood	consumption,	cooking	fuel	
type,	 cooking	 devices,	 and	 distance	 and	 time	 demand	 on	 rural	
households,	 depending	 on	 their	 gender	 and	 economic	 and	 health	
aspects.	 The	 data	 of	 this	 study	 includes	 both	 a	 survey	 and	 a	 literature	
review.	For	the	survey,	a	questionnaire	was	prepared	to	collect	data	on	
fuelwood	 consumption,	 the	 fuelwood	 collection	 source,	 and	 the	 time	
and	 distance	 required	 to	 collect	 fuelwood.	 Some	 of	 the	 data	 was	
secondary	 data,	 which	 was	 collected	 from	 the	 literature	 review.	
Examples	of	this	kind	are	the	data	on	the	physical	activity	ratio	(PAR)	and	











The	 survey	 questionnaire	 was	 developed	 by	 the	WINROCK	 officials,	
and	 before	 it	 reached	 households,	 an	 orientation	 programme	 was	
conducted	for	local	enumerators.	The	total	number	of	households	in	the	
three	districts	is	132207	[165].	The	sampling	methodology	is	taken	from	
“Guidelines	 for	 sampling	 and	 surveys	 for	 CDM	 Project	 Activities	 and	











from	 the	 amount	 of	 fuelwood	 used,	 its	 calorific	 value	 and	 cookstove	
efficiency.	 The	 useful	 energy	 demand	 in	 MJ	 per	 person	 annually,	 is	
calculated	using	the	following	equation:	
Ec	=		(




the	 fuel	 consumed	 (in	 kg/cap),	 cv	 is	 the	 calorific	 value	 of	 the	 fuel	
produced	(MJ/kg),	n	is	the	number	of	people	in	the	households	(cap)	and	
ƞ!"	is	the	efficiency	of	cookstove	used	for	cooking	in	the	household	(%).	
The	 useful	 energy	 demand	 is	 kept	 constant	 for	 all	 the	 systems	 (Figure.	
5.2),	 and	 thus,	one	can	calculate	 the	quantity	of	 fuelwood	 that	women	




!"  × ƞ!" × ƞ!"
 kg (5.2)	
Where	 Fe	 refers	 to	 the	 amount	 of	 feedstock	 (kg),	 Ec	 is	 the	 useful	
energy	 demand	 (MJ),	 cv	 is	 the	 calorific	 value	 of	 the	 fuel	 (MJ/kg),	 ɳcv	
represents	kiln	efficiency	(%)	and	ɳcb	is	the	cookstove	efficiency	(%).	
The	 energy	 spent	 in	 fuel	 gathering	 depends	 upon	 the	 number	 of	
annual	trips	women	make	to	gather	fuelwood.	The	number	of	trips	relies	
































Where	Nt	 is	 the	 average	 number	 of	 trips	 taken	 per	 year	 to	 collect	









24	hr	period	by	an	 individual	or	a	group	of	 individuals	[71].	Thus,	 it	can	
quantify	the	daily	calorie	expenditure	of	rural	women	in	various	activities.	
In	 this	 study,	 the	 measurement	 unit	 HEE	 is	 used	 to	 calculate	 the	
human	 energy	 expended	 while	 producing	 cooking	 energy	 fuel.	 The	






individual	 can	 be	 calculated	 using	 PAR	 and	 BMR	 values	 [71].	 BMR	 is	
calculated	 using	 FAO	 equations	 based	 on	 sex,	 age,	 and	weight	 [71].	 In	
our	case,	we	have	used	 the	BMR	formula	 for	women	aged	between	18	
and	30	yrs.	





However,	 in	 most	 cases	 yonger	 women	 do	 household	 chores,	 since	 it	
















𝐻𝐻𝐻𝐻𝐻𝐻 = {𝑃𝑃𝑃𝑃𝑃𝑃× 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ℎ𝑜𝑜𝑜𝑜𝑜𝑜 × 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝑀𝑀 ℎ𝑟𝑟)}	MJ	 (5.6)	
In	 the	 above	 equation,	HEE	 is	 in	MJ,	 the	 PAR	 value	 is	 based	 on	 the	
activity	involved	in	the	cooking	fuel	production,	and	time	(in	hours)	is	the	
time	 expenditure	 of	 each	 activity.	 The	 activities	 involved	 in	 the	
production	of	cooking	fuel	are	detailed	in	Table	5.C.1	(Appendix	5.C).	
The	 PAR	 values	 for	 different	 activities	 are	 already	 listed	 by	 the	 FAO	











To	produce	 cooking	 fuel,	 an	 investment	of	 time	 is	 required.	 For	 the	
baseline	 scenario,	 the	 time	 required	 for	 fuelwood	 collection	 is	 taken	




A	sensitivity	analysis	was	performed	on	 the	basis	of	 the	weight	 load	
carried	by	women.	There	are	many	input	variables	in	our	studies,	but	we	
considered	 only	 the	 fuelwood	 weight	 carried	 by	 women.	 The	 carried	
weight	is	an	important	factor,	since	a	woman	has	to	carry	a	considerable	
amount	 of	 heavy	 weight	 each	 time.	 Other	 variables,	 like	 cookstove	
efficiency	 and	 cooking	 fuel	 calorific	 values,	 will	 indirectly	 indicate	 the	
change	in	the	fuelwood	demand.	Hence,	almost	all	the	variable	changes	
affect	 the	 fuelwood	 demand	 (in	 kg)	 in	 some	way.	 This	 is	 linked	 to	 the	




























From	 the	 survey	data,	 it	was	 found	 that	on	average	a	woman	could	
carry	41	kg	of	 fuelwood	 in	one	trip	 (Table	5.2).	 In	order	 to	validate	our	
results,	 we	 compared	 our	 data	with	 other	 study,	 carried	 out	 in	 similar	





















fuelwood	 demand	 is	 based	 on	 geographical	 conditions.	 For	 example,	





cookstoves	 and	 cooking	 fuels.	 Details	 of	 the	 calorific	 value	 (CV)	 and	
efficiency	of	 cookstoves	have	been	given	 in	Table	5.C.2	 (Appendix	5.C).	
The	improved	wood	cookstove	that	is	used	for	System	1	has	almost	the	
same	 efficiency	 as	 that	 of	 the	 improved	 charcoal	 cookstove	 used	 in	
System	3.	The	CV	of	briquettes	 is	 less	than	that	of	charcoal.	 It	 is	due	to	
the	 fact	 that	 briquettes	 are	 a	 mixture	 of	 clay	 and	 charcoal,	 which	













depends	 on	 the	 amount	 of	 cooking	 fuel	 used	 and	 on	 cookstove	
efficiency.	 The	 yearly	 fuelwood	 consumption	 is	 960	 kg/cap/yr	 in	 the	
baseline	 scenario.	 For	 the	 alternative	 cooking	 energy	 systems,	 we	
assume	that	the	cooking	fuel	(i.e.	charcoal	and	briquettes)	is	made	from	
fuelwood.	 Henceforth,	 for	 our	 further	 calculations,	 we	 will	 use	 1.3	
GJ/cap/yr	 as	 the	 useful	 energy	 for	 System	 1,	 System	 2,	 System	 3	 and	
System	4.	 Interestingly,	 in	 the	 case	of	 System	2,	 fuelwood	 required	 for	





same	 amount	 of	 energy	 but	 with	 less	 fuelwood	 consumption	 (640	
kg/cap/yr).	 Even	 though	 briquettes	 have	 less	 energy	 content	 per	 unit	
weight	 than	 charcoal,	 if	 a	 stove	 specifically	 designed	 for	 briquettes	 is	
used,	 there	 is	 less	heat	 loss	 to	 the	 surroundings	 and	 thus	 an	 increased	
energy	yield.	In	System	4,	the	fuelwood	demand	is	495	kg/cap/yr,	which	
is	 almost	 half	 of	 that	 of	 the	 baseline	 scenario.	 In	 system	 1,	 the	 direct	
combustion	 of	 fuelwood	 in	 an	 improved	 cookstove	 is	 the	 most	 fuel-
saving	 scenario,	 with	 a	 60%	 reduction	 in	 feedstock	 consumption,	
compared	with	the	baseline	scenario.	From	the	FAO,	it	is	clear	that	1.14	




Figure	 5.3,	 verifies	 the	 outcome	 from	 other	 studies	 that,	 in	 the	
production	 of	 charcoal,	 more	 fuelwood	 is	 required.	 That	 is,	
approximately	 100	 kg	 of	 charcoal	 requires	 about	 700	 kg	 of	 dry	 wood	
[121].	However,	a	relevant	result	from	Figure	5.3	is	that	when	fuelwood	
is	 used	 with	 ICS,	 it	 happens	 to	 demands	 less	 fuelwood	 than	 other	




























We	 found	 that	 with	 a	 higher	 demand	 for	 fuelwood,	 the	 number	 of	
trips	needed	 for	 fuelwood	collection	also	 increases.	Women	make	over	
23	trips	a	year	in	the	baseline	scenario.	In	System	1,	when	TCS	is	replaced	
by	 ICS,	 only	 nine	 trips	 are	 needed	 to	 collect	 the	 necessary	 amount	 of	
fuelwood	 for	meeting	 the	 annual	 energy	 demand	per	 capita.	However,	








production	 is	 determined	 using	 BMR,	 the	 time	 spent	 on	 different	
activities	and	the	energy	cost.	Figure	5.4	shows	the	energy	expended	and	
the	 time	 invested	by	women	 in	 the	production	of	 fuels	 from	 fuelwood.	
The	 energy	 expenditure	 was	 calculated	 by	 using	 eq.	 (5.6),	 where	 a	
holistic	 approach	 to	 the	 cooking	 fuel	 production	 chain	 is	 taken	 into	






















expenditure	 of	 women	 is	 about	 8	 MJ	 (excluding	 cooking	 activities)	
[48][49][50]	 for	 rural	 Indian	 women.	 Similarly,	 for	 rural	 women	 from	
South	 Africa,	 it	 is	 about	 8	MJ/day	 [301],	 and	 for	Mexican	 women	 it	 is	
about	9	MJ/day	 [302].	Therefore,	 the	average	daily	energy	expenditure	
of	rural	women	from	different	parts	of	the	world	is	quite	similar.	Thus,	in	









to	note	 from	 the	baseline	 scenario	 is	 that	 chopping	wood	 requires	 less	
time	 than	 collecting	 fuelwood	 and	walking	 to	 the	 collection	 site,	while	


























For	 System	 1,	 when	 ICS	 is	 introduced	 to	 the	 baseline	 scenario,	 the	
human	energy	and	time	demand	almost	halves	compared	to	the	baseline	
scenario.	In	the	case	of	System	1,	the	human	energy	demand	for	carrying	
wood	 back	 home	 is	 least	 amidst	 the	 entire	 developed	 systems	 (i.e.	 9	
MJ/capita/yr	and	time	demand	is	6.6	hrs/capita/yr).	
The	 next	 highest	 demand	 for	 human	 energy	 and	 time	 is	 for	 the	
operation	of	the	kiln	in	System	2,	System	3	and	System	4.	This	is	because	
when	charcoal	is	in	the	kiln,	people	are	still	required	at	the	site,	to	move	
and	 watch	 the	 kiln	 to	 ensure	 no	 over-heating	 of	 feedstock	 or	 other	
problems	arise.	This	is	an	important	finding	because	we	may	expect	that	
no	extra	human	activity	 is	 involved	when	the	kiln	 is	operating.	Actually,	
the	kiln	operation	needs	less	human	energy,	but	as	the	charcoal	making	
process	 requires	 a	 lot	 of	 time,	 the	 aggregate	 value	 of	 human	 energy	
demand	rises.	Among	the	three	systems,	System	2	requires	more	human	





demands	 more	 energy	 and	 time	 than	 other	 activities.	 The	 total	 time	
demand	for	System	2	is	about	160	hr/cap/yr,	and	HEE	is	121	MJ/cap/yr.	
Observing	its	activities	closely,	we	found	that	the	highest	HEE	is	required	






The	 reason	 for	 the	sharp	decrease	 in	 time	and	HEE	 is	due	 to	 the	 lower
demand	for	fuelwood	(Figure	5.3).	In	the	case	of	System	4,	the	fuelwood
demand	 is	 less	 and	 it	 has	 an	 efficient	 cooking	 energy	 system	 (i.e.
briquettes	 and	 a	 metal	 ICS).	 However,	 more	 energy	 and	 time	 are
required	 than	 in	System	3.	This	 is	because	more	activities	are	 involved,
which	eventually	 increase	 the	 time	and	HEE.	 In	practice,	charcoal	has	a
high	 CV,	 followed	 by	 briquettes	 and	 then	 fuelwood.	 Rationally,
researchers	 assume	 that	 the	 selection	 of	 cooking	 fuels	 are	 preferred
accordingly	 [303].	 However,	 in	 this	 study	 the	 efficiency	 of	 the	 systems
related	to	time	and	HEE	has	a	very	different	result.	Fuelwood	used	in	ICS










plays	 an	 important	 role	 in	 saving	 time,	 human	 energy	 and	 thermal	
energy.	 Studies	 in	 other	 parts	 of	 the	 world	 also	 show	 that	 the	
introduction	 of	 ICS	 has	 eventually	 lowered	 the	 fuelwood	 demand.	 In	
Peru,	the	fuelwood	consumption	was	2	kg/cap/day	while	using	TCS,	but	
changing	cookstove	to	ICS	saw	the	fuelwood	consumption	drop	by	38%,	
and	 the	 same	 holds	 true	 for	 India	 [304].	 People	 living	 in	 rural	 areas	
mostly	 earn	 their	 livelihoods	 from	 agriculture,	 however,	 they	 try	 to	
diversify	their	 income	source	and	reduce	their	vulnerability	[305].	Thus,	
saving	 time	by	 using	 efficient	 cookstoves	will	 eventually	 result	 in	more	
income	 options	 for	 rural	 households,	 and	 make	 them	 more	 self-
sufficient.	
Until	 now,	 the	 estimates	 have	 been	 made	 per	 capita.	 As	 stated	
earlier,	 a	 woman	 does	 all	 of	 household	 chores,	 hence	 she	 collects	









with	 fuelwood	 (i.e.	 such	 as	 in	 System	 1),	 then	 the	 time	 demand	 is	 96	
hr/hh.	A	woman	saves	about	143	hours	per	year	by	using	ICS.	System	2	





This	hypothetical	model	of	 alternative	 cooking	energy	 systems	gives	
an	 insight	 into	the	time	demand	on	and	HEE	of	the	rural	Nepal	cooking	
energy	 system.	However,	 this	model	 is	 valid	 for	other	countries	as	well	
and	can	be	used	for	a	time	and	HEE	calculation.	




input	 parameters	 to	 the	 output	 variability.	 This	 was	 done	 using	 a	





























carry,	 thus,	 we	 made	 an	 analysis	 for	 a	 lower	 fuelwood	 load.	 The	
assumption	 of	 30	 kg	 was	made	 on	 the	 basis	 of	 other	 studies	 [47][56].	
This	 change	means	 that	 the	 PAR	 value	 also	 changes,	 as	 PAR	 is	 directly	
linked	to	the	amount	of	weight	a	woman	carries.	We	found	that	with	a	
decrease	 in	weight	 load,	 the	overall	HEE	 for	both	 the	baseline	 scenario	
and	System	1	increase	by	13%,	but	the	most	interesting	result	is	that	the	
time	demand	soars	by	37%	for	the	baseline	scenario,	as	well	as	in	System	
1	 and	 System	 4.	 Even	 though	 we	 changed	 the	 weight	 load	 carried	 by	
women	(i.e.	30	kg),	the	useful	energy	remains	same	(i.e.	1.3	GJ/cap/yr).	
However,	the	number	of	trips	 increases,	as	women	have	to	travel	more	
to	 get	 fuelwood.	 The	 HEE	 for	 System	 2,	 System	 3	 and	 System	 4	 has	 a	




weight	 load.	However,	 the	 time	demand	 for	 the	wood	 carrying	 activity	




fuelwood	 ranges	 from	 13.91	 to	 19.81	MJ/kg	 dry	 weight	 [178].	 For	 our	
study,	we	assume	 it	 to	be	14	MJ/kg.	 In	 rural	areas,	households	harvest	
fuelwood	from	any	type	of	tree	and	store	it	in	a	shed	to	dry.	Even	then,	
there	 is	 some	 moisture	 left	 which	 decreases	 the	 heating	 value	 of	
fuelwood.	Since,	our	study	is	at	household-level	and	not	industrial,	hence	
we	 considered	 the	 lower	 CV.	 This	 study	 also	 used	 very	 specific	
cookstoves	such	as	a	mud-rocket	stove	and	cooking	fuel	like	charcoal	and	
briquettes.	 At	 present,	 our	 survey	 site	 households	 use	 fuelwood	 for	
cooking,	 thus	we	 restricted	 our	 alternative	 source	 of	 fuelwood	 and	we	



























41	 46	 40	 54	
System	1	 16	 18	 16	 22	
System	2	 121	 130	 160	 184	
System	3	 49	 52	 64	 74	
System	4	 55	 57	 88	 120	
5.5.	Conclusion	
 This	 paper	 quantifies	 the	 time	 and	 human	 energy	 required	 for	
different	 developed	 cooking	 energy	 systems.	 Our	 study	 considers	 the	
most	 frequently	 mentioned	 alternatives	 for	 traditional	 open-fire	
cookstoves,	 which	 are	 charcoal,	 briquettes	 and	 improved	 cookstoves.	
These	 systems	 require	 more	 activities	 than	 collecting	 and	 chopping	
fuelwood.	It	is	found	that	these	activities	demand	more	time	and	human	




is	 introduced,	 it	 requires	88	hr/cap/yr	and	55	MJ/cap/yr.	Given	the	fact	
that	 these	 Nepalese	 women	 are	 already	 engaged	 in	 other	 household	
chores,	which	are	time	demanding	and	physical-energy	consuming,	these	
additional	 requirements	 of	 time	 and	 energy	 to	 produce	 cooking	 fuel	
could	 be	 one	 reason	 why	 alternative	 cooking	 energy	 systems	 are	 not	
preferred	 by	 local	 communities.	 However,	 this	 is	 applicable	 for	 any	
developing	country	where	households	are	still	using	solid	 fuels	and	TCS	
for	cooking.	Thus,	new	and	modified	cooking	energy	systems	can	only	be	
successful	 and	 beneficial	 when	 their	 impacts	 on	 the	 time	 and	 energy	
expenditure	 of	 women	 are	 taken	 into	 account	 as	 well.	 Therefore,	 this	
analysis	 highlights	 the	 accounting	 method	 of	 energy	 analysis	 for	 a	




























The	 survey	 was	 done	 for	 three	 Eastern	 mid-hill	 districts:	 Ilam,
Panchtar	and	Taplejung.		The	sampling	calculation	is	carried	out	by	using	
stratified	 random	 sampling	 method	 that	 is	 described	 in	 the	 report	




Proportion	 of	 population	 for	 each	 district	 is	 given	 below.	 The	 total
number	 of	 households	 of	 each	 district	 is	 collected	 from	 National	
population	 and	 Housing	 Census	 20118	(Table	 A1).	 Table	 5.A.1	 indicates	






























































is	 159.5.	 Since	 there	 is	 a	 risk	 of	 oversampling,	 we	 assumed	 10%	
oversampling	 and	 hence	 the	 final	 total	 sample	 is	 175	 households	 from	
the	three	districts.	




























Table	 5.B.1,	 shows	 different	 activities	 involved	 in	 the	 production	 of	
cooking	fuel.	In	case	of	baseline	scenario	and	system	1,	labour	involved	is	
from	 survey	 and	 for	 other	 systems,	 the	 labour	 information	 is	 from	
literature	 review.	 For	 our	 study,	 we	 have	 categorized	 all	 the	 activities	
involved	 in	 the	 fuel	 production.	 It	 is	 fully	 based	 on	 our	 assumptions,	
according	to	our	model.	For	example,	a	person	will	walk	to	the	forest	in	a	


























































The	baseline	scenario	 is	 the	data	collected	 from	survey	 (Annexure	5.A).	
While	the	time	expenditure	data	for	system	1	to	system	4	are	obtained	
from	various	 literature.	 In	 the	whole	process	of	energy	production,	 the	
size	of	 fuelwood	 is	 not	 taken	 into	 consideration	because	 fuelwood	 size	
does	not	affect	the	cookstove	efficiency	[307].	 In	our	study,	we	assume	
that,	 the	 frequency	 of	 charcoal	 production	 is	 equal	 to	 the	 number	 of	
trips	for	fuelwood	collection,	as	it	is	difficult	to	measure	the	frequency	of	
charcoal	 production	 per	 households.	 Since,	we	 have	 considered	 all	 the	
cooking	 fuel	 to	be	produced	manually,	 from	Table	5.C.1,	 it	 can	be	seen	
















• Chopping	firewood 0.33	 Per	one	trip	





























































• Grinding	char 0.33	 Per	batch	
[277]	


































































This	 thesis	 aimed	 to	 develop	 a	 nexus	 framework	 for	 rural	 world.	 It	
entails	identifying	the	interlinkages,	and	quantification	of	water,	energy,	
food,	land	and	labour	use,	keeping	in	mind	the	consumption	pattern	of	a	
rural	 individual.	 It	 also	analyzes	 the	 synergies	and	 trade-offs	associated	
with	 it.	 Previous	 chapters	 have	 established	 all	 the	 linkages	 among	 the	
components	 to	 contribute	 the	 aim.	 In	 this	 chapter,	 the	 overall	 findings	
are	 integrated	 and	 I	 will	 discuss	 the	 insight	 of	 the	 findings	 related	 to	
nexus	and	the	associated	limitations	of	my	nexus	approach.	
6.2.	Consumptive	nexus	approach:	rural	level	





system	 is	 analyzed.	 In	 the	 rural	 developing	 world	 with	 subsistence	
farmers,	 the	 production	 and	 consumption	 are	 intertwined	 as	 people	
produce	 for	 their	 own	 consumption.	 Therefore,	 I	 started	 this	 WEF	
analysis	from	the	consumption	perspective.		
First,	 I	 determined	 the	 food	 consumption	 and	 the	 energy	 use	 for	
cooking	 in	 rural	 areas	 in	 the	 developing	 world.	 Land	 and	 water	 are	
required	to	produce	this	food	and	cooking	fuel.	The	amount	of	land	and	
water	to	produce	the	cooking	fuel	was	far	larger	than	the	land	and	water	
needed	 for	 the	 production	 of	 food.	 Then,	 I	 analysed	 options	 to	 reduce	
the	 fuelwood	 consumption	 by	 using	 different	 cooking	 appliances	 and	
different	 types	 of	 fuel.	 Finally,	 I	 calculated	 the	 labour	 (time	 and	
metabolic	energy)	needed	to	produce	the	different	types	of	cooking	fuel.	
The	analysis	of	 the	human	energy	 involved	 in	 various	processes	 is	 a	
major	difference	with	the	existing	WEF	studies.	In	this	case	study,	it	is	an	
essential	part	of	the	nexus,	as	in	RDC	most	of	the	work	requires	physical	




















energy,	 food,	 fuel	 and	 labour	 components.	 Throughout	 the	 thesis,	 the	
quantifications	 of	 the	 interactions	 among	 the	 components	 have	 been	
done	at	regional	level.	The	study	is	based	on	food	and	fuel	consumed	by	
an	individual,	and	the	consumption	has	an	impact	on	the	water,	land	and	
energy	use.	 Fig	6.1	 shows	all	 the	 inter-linkages	among	 the	components	
as	well	as	the	factors	affecting	it.	For	instance,	the	food	component	has	
two	 important	 factors	 i.e.	 consumption	 and	 production.	 The	
consumption	shows	the	amount	of	food	items	an	individual	purchased	or	
produced	for	its	own	use.	The	production	of	the	food	items	depends	on	
the	 land	 and	 water	 availability.	 The	 energy	 use	 transforms	 the	
consumption	 of	 cooking	 fuel	 (fuelwood,	 in	 case	 of	 rural	 areas)	 to	 cook	
the	 food	 in	 order	 to	make	 it	 edible.	 Thus,	 food	 and	 fuel	 both	 depends	
upon	water	and	land	for	their	production.	
The	inter-linkage	between	land-food-fuelwood,	will	provide	an	insight	
into	 the	 land	 footprint	 of	 food	 and	 fuelwood	 consumption.	 Therefore,	
land	 is	an	 important	part	of	the	rural	nexus.	Land	has	been	categorized	
into	arable	land,	forest	land	and	other	areas.	The	arable	land	is	used	for	
agricultural	 activity	 to	produce	 food	 for	humans	and	 feed	 for	 livestock.	






Water	 is	 used	 for	 both	 crop	 and	 fuelwood	 production.	 Due	 to	 use	 of	
fertilizers	 in	 the	 process	 of	 crop	 production	 it	 generated	 grey	 water,	
which	 is	not	applicable	 in	case	of	 fuelwood	production.	 In	case	of	 rural	
areas,	fuelwood	is	sourced	from	naturally	grown	forest.	The	WF	depends	
upon	 individual	 consumption	 and	 WF	 per	 unit	 of	 food	 and	 fuel	
production.	The	WF	per	unit	of	food	and	fuel	production	depends	upon	
physical	 and	 geographical	 factors	 like	 temperature,	 precipitation,	 soil	
structure,	wood	density	 etc.	 The	 inter-linkage	between	water-food-fuel	































time	 in	 agricultural	 and	 households	 activities.	 Most	 importantly,	 rural	
households	produce	their	own	cooking	fuel	i.e.	fuelwood,	which	requires	





The	 insights	 from	 each	 chapter	 provided	 information	 on	 the	 inter-
linkages	 about	 the	 components.	 Chapter	 1	 showed	 the	 importance	 of	
nexus	 study	 from	 a	 consumptive	 perspective	 for	 rural	 areas.	 It	 also	
provided	 detailed	 information	 on	 the	 production	 supply	 chain	 of	 food	
and	 fuel	 in	 RDC	 and	 the	western	world.	 It	 established	 the	 interactions	
among	the	components	namely,	water,	energy,	food,	land	and	labour.		
Chapter	 2	 used	 land	 footprint	 as	 an	 indicator	 to	 measure	 the	 land	
















India.	 The	 investigation	 was	 done	 at	 regional	 level	 to	 understand	 the	




comprises	 of	 charcoal,	 coal,	 fuelwood,	 agricultural	 residues	 and	 fossil	
based	 fuel	 [310].	 However,	 fuelwood	 dominates	 the	 major	 share	 of	
cooking	 fuel.	 Other	 than	 fuelwood,	 households	 use	 kerosene	 and	 LPG.	
However,	the	percentage	of	kerosene	and	LPG	consumption	is	very	small	
[311].	 This	 chapter	 also	 showed	 that	 the	 yield	 of	 vegetal	 items	 and	
fuelwood	 varies	 from	 region	 to	 region.	 The	 average	 yield	 is	 relatively	
lower	 than	 in	 the	 western	 world.	 Chapter	 2	 revealed	 that	 the	 food	
consumption	 (calorie	 intake)	by	rural	areas	 is	comparatively	 lesser	 than	





cooking	 fuel,	 which	 has	 a	 larger	 impact	 on	 the	 land	 requirement.	 The	
land	 required	 for	 cooking	 fuel	 is	 about	 six	 times	 larger	 than	 the	 land	
required	for	food.		




WF	 of	 the	 food	 and	 fuel	 produced.	 	 Chapter	 3	 showed	 that	WF	 of	 an	
individual	 is	 higher	 for	 the	 fuelwood	 consumption	 than	 the	 food	




footprints	 are	 very	 different.	 For	 instance,	 in	 the	 calculation	 of	 land	
requirement,	factors	like	cropping	intensity	and	yield	are	used.	However,	
the	WF	 calculation	 depends	 upon	 biophysical	 factors	 like	 temperature	
and	precipitation.	 From	a	nexus	perspective,	 Chapter	 3	 established	 the	
inter-linkage	among	food,	energy	and	water	component.	
Chapter	 2	 and	 chapter	 3	 determine	 that	 fuelwood	 has	 a	 very	 large	
impact	 on	 land	 and	water	 components	 at	 rural	 level.	 Even	 though	 this	


























magnitude	 of	 land	 and	 water	 requirement	 from	 a	 consumptive	
perspective.	 Therefore,	 chapter	 2	 and	 3	 signify	 the	 synergies	 among	
water,	land,	food	and	energy	and	their	implications	on	each	other.	
Following	 the	 findings	 of	 Chapter	 2	 and	 3,	 fuelwood	 has	 the	 most	
significant	 impact	on	 land	and	water	 requirement.	Thus	 in	Chapter	4,	a	
hypothetical	methodology	was	developed	to	link	fuelwood	consumption,	
technology	 (i.e.	 cookstove)	 and	 labour	 (i.e.	 time)	 altogether.	 The	
developed	 hypothetical	 cooking	 energy	 system	 is	 implemented	 for	 a	





system.	 I	 considered	 high-energy	 content	 fuel	 (i.e.	 charcoal)	 and	
improved	 cookstove	 (ICS)	 for	 the	 system	 to	 analyse	 the	 impact	 of	 a	




time	 involved	 in	 the	 production	 of	 cooking	 fuel.	 Since	 ICS	 saves	 the	
energy	 loss,	 it	 eventually	 decreases	 the	 fuel	 demand.	 This	 shows	 clear	
synergies	among	the	technology,	labour	and	energy	consumption.	
Chapter	 4	 analysed	 whether	 application	 of	 other	 cooking	
methods/techniques/fuels	 could	 reduce	 the	 fuel	 wood	 demand	 and	
whether	 these	 methods	 affects	 the	 time	 investments	 in	 fuelwood	
production.	A	model	was	developed	to	determine	the	fuelwood	and	time	
investments	 for	 four	 different	 cooking	 methods	 (open	 fires,	 improved	
cook	 stove,	 fuel	wood	and	charcoal).	 It	was	 shown	 that	 improved	cook	
stove	 reduces	 fuelwood	demand,	 but	 also	 reduce	 the	 time	 required	 to	
produce	the	fuelwood.		Options	to	reduce	fuelwood	use	will	also	reduces	
the	 land	 and	 water	 requirements	 for	 cooking.	 So	 in	 this	 chapter	 the	
relations	 between	 energy	 savings,	 land	 and	 water	 and	 human	 time	
investment	are	established.	
In	 Chapter	 5	 the	 metabolic	 energy	 needed	 to	 produce	 the	 cooking	
fuel	 is	 analysed.	 It	 uses	 the	 methodology	 developed	 in	 chapter	 4	 as	
starting	 point	 and	 includes	 the	 physical	 energy	 needed	 to	 produce	 the	
cooking	 fuel	 further	briquettes	are	 introduced	as	extra	 fuel	option.	The	
analysis	shows	that	making	energy	efficient	cooking	fuel	like	charcoal	or	



















and	3,	 I	 found	 that	 fuel	has	 a	 very	 large	 impact	on	 the	 land	and	water	
components.	Findings	from	Chapter	4	 indicate	that	switching	to	 ICS	can	
reduce	 the	 land	 and	 water	 requirement.	 However,	 chapter	 5	 showed	




As	 mentioned	 above	 most	 of	 the	 WEF	 nexus	 studies	 have	 been	
conducted	on	production	systems	in	the	Western	world.	To	obtain	some	
insight	 in	 the	 differences	 between	 the	 two	 systems	 it	 is	 interesting	 to	








data	 used	 for	 the	 western	 world	 analysis	 has	 the	 same	 sort	 of	 data	
collection	procedure	followed	in	this	thesis.	The	comparison	will	provide	
a	valuable	insight	to	the	demand	and	consumption	scenario	for	the	rural	







The	 water	 footprint	 calculations	 are	 based	 on	 the	 individual	




for	 food	 in	 the	Western	world	 is	 almost	 3	 times	 the	 rural	world.	 From	
literature	is	known	that	the	higher	water	and	land	footprints	for	food	in	



























1	 Population	(in	billion)	 3	 1.5	 [313]	
2	 Food	consumption	(kcal/cap/day)	 1920	 2200	 [47]	
3	 Meat	consumption	(g/cap/day)	 15	 90	 [47]	
4	 Water	footprint	(m3/cap/yr)	 800	 ≈ 1200	 [47]	
5	 Land	footprint	(m2/cap/yr)	 1000	 ≈	3000	 [50]	
Table	 6.2	 gives	 comparative	 details	 of	 few	 selected	 factors	 to	 show	
the	 differences	 between	 the	 RDC	 and	 the	 western	 world	 from	 energy	
perspective.	 It	 shows	 that	 the	 cooking	 energy	 demand	 constitutes	 of	
about	90%	of	the	total	households	energy	in	the	RDC.	However	in	case	of	
the	Western	 world,	 I	 took	 an	 example	 from	 US,	 where	 the	 residential	
energy	use	is	divided	into	air	conditioning,	space	heating,	water	heating,	
refrigerators	 TV’s	 and	 related,	 lighting,	 dryers	 and	 others.	 The	 “other”	
group	 constitutes	 about	 12%	 of	 the	 total	 residential	 energy	
consumption,	and	cooking	energy	 is	one	of	 the	 factors	 in	 it.	This	points	
out	 the	 relative	 energy	 consumption	 in	 western	 households,	 which	 is	
comparatively	 smaller	 than	 in	 rural	 world.	 The	 cooking	 fuel	 demand	 is	
the	 amount	 of	 energy	 required	 to	 cook	 per	 kg	 of	 food	 product.	 RDC	
requires	 more	 energy	 to	 cook	 than	 the	 Western	 world.	 Since,	 the	
Western	 world	 uses	 efficient	 cooking	 fuel	 and	 cookstove	 hence	 the	
demand	in	MJ	is	lesser	than	that	of	RDC.	The	WF	per	unit	of	gross	energy	
from	fuelwood	is	larger	than	the	electricity	produced	from	natural	gas.	
The	 WF	 value	 for	 the	 western	 world	 is	 the	 total	 water	 footprint,	
which	is	used	in	the	production	of	electricity	from	natural	gas.	It	includes	
the	whole	production	chain	(i.e.	operation,	construction	and	fuel	supply).	
Mekonnen	 et	 al.	 [314]	 established	 that	 the	 WF	 is	 very	 high	 in	 the	
operation	 level	 of	 electricity	 production	 for	 fossil	 fuel	 based	 energy	
sources.	 However,	 in	 case	 of	 electricity	 produced	 from	 fuelwood,	 it	
showed	 that	 the	 fuel	 supply	 level	 has	 the	 highest	 WF,	 as	 the	 WF	 of	
fuelwood	 is	 larger	 than	 that	 of	 fossil	 fuel.	 The	 land	 footprint	 provides	






































Table	 6.3	 shows	 the	 total	 land	 and	water	 requirement	 by	 the	 rural	
population	for	food	and	fuel	consumption.	The	total	land	required	by	the	





to	 the	 fact	 that	 the	 difference	 in	 WF	 of	 food	 between	 the	 two	
populations	is	smaller.	
The	 total	 land	 required	 by	 the	 rural	 population	 for	 cooking	 fuel	 i.e.	
fuelwood	 is	 about	 750	 Mha/yr.	 This	 implies	 that	 the	 rural	 population	
itself	requires	about	20%	of	the	total	global	forest	 land	available	 just	to	
cook	food.	It	indicates	the	urgency	of	switching	from	traditional	cooking	
fuel	 to	 less-resource	 intensive	 cooking	 for	 rural	 people.	 The	 water	
footprint	of	cooking	fuel	for	RDC	is	about	4900	Gm3/yr.	Compared	to	the	
RDC,	 the	 water	 footprint	 of	 the	 Western	 world	 for	 cooking	 is	 almost	
negligible.	 It	 shows	 the	 large	 difference	 in	 the	 land	 and	 water	
requirement.	Table	6.3	shows	that	the	total	land	required	(food	and	fuel)	
by	 the	 rural	 population	 twice	 than	 that	 of	 the	 western	 population.	
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than	 that	 of	 the	Western	world.	However,	 high	 population	 in	 the	 rural	
world	 increases	 the	 total	 footprints.	 It	 is	 much	 worse	 in	 case	 of	
fuelwood,	 as	 the	 footprints	 are	 higher	 and	 hence	 high	 population	
multiplies	the	total	land	and	water	demand.		
	 The	analysis	above	shows	the	enormous	differences	between	the	two	
different	 worlds	 population	 size,	 consumption,	 techniques	 used;	 as	 a	
consequence	solutions	to	reduce	resource	use	in	the	Western	world	are	
not	at	all	applicable	to	the	RDC.	The	findings	in	chapter	5	are	illustrative	
for	 this.	 This	 chapter	 shows	 that	 some	of	 the	energy	 reduction	options	
require	far	more	human	energy	than	others	and	it	might	explain	on	why	
the	 ICS	 are	 not	 accepted	 in	 rural	 areas.	 A	 lot	 of	 existing	 studies	 pay	
attention	 to	 the	problem	of	 not	 accepting	 ICS	 [221],	 but	none	of	 them	
addresses	 the	 human	 labour	 issue,	 only	 social	 economic	 issues	 were	
addressed.	However	from	the	WEF	nexus	perspective	human	labour	is	a	
limited	 energy	 source	 and	 efficient	 use	 of	 this	 resource	 is	 essential	 for	
the	rural	population.		
The	 total	 resource	 use	 in	 the	 RDC	 however	 is	 very	 large	 and	




A	 nexus	 study	 provides	 an	 important	 insight	 into	 the	 interactions	
among	 different	 components	 in	 a	 system.	 This	 rural	 perspective	 nexus	
study	 gives	 an	 impression	 of	 the	 intensive	 inter-connection	 of	 the	
components.	 The	 bottom-up	 approach	 allows	 us	 to	 identify	 the	
magnitude	 of	 resource	 demand	 at	 local	 level	 and	 shows	 the	 ongoing	
interactions	among	the	components.	Normally,	in	studies	related	to	food	
and	fuel,	a	typical	analysis	of	 land	and	water	demand	is	done.	Basically,	
















their	 affluent	 diet.	 In	 case	 of	 fuel,	 most	 of	 the	 studies	 are	 based	 on	
developing	efficient	energy	systems.	
By	applying	a	nexus	approach,	this	thesis	provides	an	insight	into	the	
cooking	 energy	 system	of	 the	 RDC,	which	 has	 not	 been	 quantified	 yet.	
The	 quantification	 showed	 the	 synergies	 and	 trade-offs	 among	 the	
components.	 This	 thesis	 pointed	 out	 that	 fuelwood	 has	 a	 very	 large	
impact	 on	 the	 land	 and	 water	 demand.	 It	 also	 showed	 that	 energy	
intensive	fuels	like	charcoal	and	briquettes	are	also	labour	intensive.		
The	key	findings	of	the	thesis	are	as	follows:	




animal	 based	 products	 is	 much	 less	 compared	 to	 the	 western
world.	Normally,	the	rural	people	consume	staple	food	items	like
rice	 and	wheat,	 and	 a	 substantial	 amount	of	milk,	which	has	 an
impact	 on	 the	 land	 and	water	 demand.	 In	 case	 of	 cooking	 fuel,
the	consumption	of	 fuelwood	 is	much	higher	 than	 that	of	 fossil-
fuel	based	 cooking	 fuel.	 I	 established	 that	 fuelwood	has	a	much
higher	impact	on	the	land	and	water	demand	than	the	food.
b) This	study	has	been	explicitly	done	for	 India	and	Nepal	as	a	case
study.	 A	 bottom-up	 approach	 revealed	 that	 there	 are	 large




to	 region,	 which	 shows	 the	 variation	 among	 the	 regions.
However,	 there	 are	 other	 physical	 and	 geographical	 factors	 like
temperature	 and	 precipitation,	 which	 has	 some	 impact	 on	 the
water	footprint.
c) The	 land	 and	water	 footprint	 for	 food	 consumption	 in	 the	 rural
world	is	not	a	big	issue,	as	they	already	have	small	footprints	for
it.	 In	 case	of	 fuelwood,	 there	 is	 not	much	 scope	 to	 increase	 the
biomass	yield.	Since,	it	is	a	naturally	grown	forest	or	trees	outside
forest	(TOF).	However,	people	in	rural	households	use	traditional
cookstoves,	 which	 are	 highly	 inefficient	 cookstove.	 As	 shown	 in
this	 thesis,	 traditional	 cookstoves	 and	 cooking	 fuel	 have	 large























inclusion	 of	 improved	 cookstoves	 (ICS)	 can	 eventually	 decrease	
the	fuelwood	demand.	
d) Labour	is	one	of	the	main	factors,	which	is	an	intensive	part	of	the
nexus,	 especially	 in	 rural	 areas.	 Labour	 is	 mainly	 required	 to
produce	 cooking	 fuel,	 which	 is	 eventually	 used	 for	 cooking.	 I
showed	 that	 a	 large	 amount	 of	 time	 and	 human	 energy	 is
required	 in	 the	production	of	cooking	 fuel,	as	a	rural	person	has
to	 travel	 to	 collect	 fuelwood.	 Time	 and	 human	 energy	 are	 very
important	 for	 rural	 population.	 Hence,	 fossil	 fuel	 like	 kerosene
and	 LPG	 could	 be	 a	 better	 alternative	 for	 conventional	 cooking
fuel	as	they	have	lower	impact	on	the	land	and	water	demand.
Finally,	this	nexus	approach	provides	an	overview	of	the	inter-linkage	
among	 the	components	 for	a	 sustainable	nexus.	To	be	precise,	 there	 is	





extrapolate	 the	 values	 with	 those	 of	 other	 developing	 country’s	 rural	
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Water,	energy	and	 food	are	 the	basic	 resources	 required	 for	human	
sustenance.	 Growing	 population	 and	 changing	 economies	 are	 putting	
more	 pressure	 on	 the	 demand	 for	 these	 resources.	 The	 complicated	
interactions	between	water	(W),	energy	(E)	and	food	(F),	which	is	termed	
as	a	WEF	nexus	approach	is	developed	to	ensure	water	and	food	security	
as	 well	 as	 affordable	 and	 easy	 accessibility	 to	 energy.	 This	 approach	




fuelwood	 for	 cooking.	 Other	 than	 fuelwood,	 rural	 people	 also	 use	 a	
substantial	 amount	 of	 charcoal,	 briquette	 or	 fossil	 based	 fuel	 like	
kerosene	and	LPG.	These	rural	people	are	surrounded	by	an	ecosystem,	
which	provides	all	 the	necessary	 resources	 like	water,	 land	and	energy.	
However,	 the	ecosystem	 is	very	 localized	with	 limited	resources	and	 its	
availability	varies	from	region	to	region.	These	rural	people	mostly	works	
on	 agricultural	 land	 and	mostly	 produce	 their	 own	 cooking	 fuel,	which	
requires	 ample	 amount	 of	 labour	 (i.e.	 time	 and	 human	 energy).	 Apart	
from	using	 traditional	 cooking	 fuel,	 the	 rural	 population	 still	 uses	open	
fire	 traditional	 cookstove	 for	 cooking,	 which	 is	 the	 most	 inefficient	
cookstove.	 The	 growing	 demand	 on	 food	 and	 fuel	 will	 increase	 the	
pressure	on	the	resources.	Hence,	a	clear	understanding	of	the	ongoing	





the	 use	 of	 water,	 energy	 and	 labour,	 taking	 into	 account	 the	 regional	
variations	 of	 consumption	 and	 resource	 availability.	 Chapter	 1	 showed	
the	 possible	 interactions	 among	 the	 components	 in	 the	 rural	 world.	
Chapters	 2	 to	 5	 quantified	 the	 interactions	 among	 the	 components	 at	
regional	 level.	The	main	findings	of	these	chapters	provide	an	insight	to	
the	magnitude	of	 the	 resource	demand	 for	 food	 and	 fuel	 consumption	
and	its	regional	variations.	












about	 800	 m3/cap/yr	 (450-1300	 m3/cap/yr).	 However,	 in	 case	 of	
fuelwood	 the	 land	 footprint	 can	be	as	 large	as	2500	m2/cap/yr	 (1200	–	
5000	 m2/cap/yr)	 and	 the	 WF	 is	 about	 1600	 m3/cap/yr	 (2-4000	
m3/cap/yr).	The	values	of	land	and	water	footprint	for	fuelwood	concern	
wood	 collected	 from	 forest.	 Interestingly,	 the	 values	 for	 fuelwood	
collected	 from	 trees	 outside	 forest	 (TOF)	 can	 be	 twice	 as	 high	 as	 the	
values	 from	the	 forest,	as	 the	yield	 is	 lower	 in	case	of	 former	one.	This	
implies	 that	 there	 is	 an	 option	 for	 undervaluing	 the	 land	 and	 water	
requirement.	
The	 rural	 diet	 consists	mainly	 rice	 and	wheat	 as	 staple	 foods	with	a	
substantial	 amount	 of	milk	 consumption,	which	 has	 a	major	 impact	 on	
the	 land	 and	 water	 requirement.	 Chapter	 2	 and	 3	 showed	 the	 large	
regional	variation	in	the	consumption	for	food	and	fuel	and	its	impact	on	
the	 land,	 water	 and	 energy	 requirement.	 It	 can	 be	 concluded	 that	
fuelwood	 is	 a	 water	 and	 land	 intensive	 cooking	 fuel,	 however,	 fossil	
based	 fuel	 can	 be	 considered	 as	 a	 better	 option	 because	 of	 its	 less	
resource	 intensive	 quality.	 Taking	 the	 outcome	 from	 chapter	 2	 and	 3,	
hence	 cooking	 fuel	 (like	 fuelwood	 and	 charcoal)	 demand	 and	 the	
associated	 time	 investment	 in	 its	 production	 is	 studied	 in	 the	 next	
chapter.	
	 In	 chapter	 4	 a	 hypothetical	 framework	 has	 been	 developed	 to	
quantify	 the	 amount	 of	 time	 required	 when	 efficient	 cooking	 fuel	 and	
cookstoves	are	introduced	to	the	present	cooking	system.	It	showed	that	
energy	intensive	cooking	fuel	(i.e.	charcoal)	requires	more	labour	time	in	
its	 production,	 however,	 using	 improved	 cookstove	 (ICS)	 decreases	 the	
fuelwood	 requirement,	which	 instinctively	 decreases	 the	 time	demand.	
Chapter	4	concluded	that	replacing	open	fire	cookstove	with	ICS	is	much	
better	 than	 switching	 from	 fuelwood	 to	 charcoal.	 Production	 of	
fuelwood	 or	 other	 solid	 traditional	 cooking	 fuel	 like	 charcoal	 and	




It	 showed	 that	 the	 metabolic	 energy	 required	 in	 the	 production	 of	
charcoal	and	briquettes	are	much	higher	than	the	fuelwood	production.	
It	 showed	 that	 ICS	 could	 save	 ample	 amount	 of	 time	 and	 metabolic	
energy	of	an	individual.	However,	the	combination	of	ICS	and	fuelwood	is	
the	 best	 option	 so	 far,	 as	 it	 can	 save	 60%	 of	 the	 time	 and	 metabolic	
energy	in	comparison	to	the	present	situation.	The	case	study	in	Chapter	













their	 time	 for	 other	 economics	 benefits.	 It	 can	 be	 concluded	 that	
application	 of	 improved	 technology	 reduces	 the	 fuelwood	 demand,	
which	eventually	decreases	the	land	and	water	demand.		
	 Chapter	2	to	5	showed	the	intense	interactions	among	water,	energy,	
food,	 land	and	 labour.	 It	 showed	 that	3	billion	people	who	 falls	 on	 the	
lower	 level	 of	 the	 economic	 division	 has	 a	 very	 large	 land	 and	 water	
footprint	due	to	its	cooking	fuel.	It	showed	that	switching	from	open	fire	
cookstove	 to	 ICS	 could	 decrease	 the	 land	 and	water	 footprint	 to	 great	
extent.	However,	 switching	 from	 fuelwood	 to	 fossil	 based	 fuel	 is	much	
better	 option	 from	 resource	 perspective.	 The	 global	 alarm	 on	 people	
opting	for	more	affluence	diet	is	not	a	concern	for	these	3	billion	people,	
as	they	have	much	larger	problem	with	the	fuelwood.	In	coming	future,	if	
these	 rural	 people	 change	 to	 affluent	 diet	 by	 consuming	 more	 meat,	
then	 switching	 to	 fossil	 based	 fuel	 will	 compensate	 the	 large	 land	 and	
water	footprints.		












Water,	 energie	 en	 voedsel	 behoren	 tot	 de	 basis	 behoeften	 van	 een	
mens.	 De	 groeiende	 wereldbevolking	 en	 de	 veranderende	
consumptiepatronen	 maken	 dat	 vraag	 naar	 deze	 hulpbronnen	 steeds	
groter	wordt.	Water,	energie	en	voedsel	zijn	met	elkaar	verbonden.	Er	is	
water	 nodig	 om	 gewassen	 te	 verbouwen	 en	 energie	 nodig	 in	 de	




essentieel	 dat	 de	 onderlinge	 relaties	 tussen	 deze	 grootheden	 in	 kaart	
gebracht	worden.		
Op	 dit	moment	wonen	 er	 3	miljard	mensen	 in	 de	 rurale	 gebieden	 van	
ontwikkelingslanden.	Deze	mensen	zijn	sterk	afhankelijk	van	hun	directe	
omgeving:	water	komt	uit	een	bron,	energie	van	het	hout	van	bomen	en	
ze	 verbouwen	 zelf	 hun	 voedsel.	Daarnaast	wordt	 er	 nauwelijks	 gebruik	
gemaakt	 van	 machines,	 zodat	 de	 meeste	 arbeid	 door	 de	 mensen	 zelf	
verricht	wordt.	In	deze	situatie	verschilt	de	WEF	nexus	sterk	van	die	van	
de	geurbaniseerde	situatie	in	de	geindustrialiseerde	landen.	Daar	komen	
voedsel	 en	 energie	 vaak	 niet	 uit	 de	 regio.	 Sojabonen,	 bijvoorbeeld,	
komen	uit	Brazilië	en	kolen	voor	de	energiecentrales	uit	Australie.		
Dit	proefschrift	analyseert	de	WEF	nexus	voor	de	rurale	gebieden	 in	de	
ontwikkelingslanden.	 Er	 wordt	 nagegaan	 wat	 mensen	 eten	 en	 hoeveel	
energie	 ze	 gebruiken,	 vervolgens	wordt	 er	 berekend	 hoeveel	 water	 en	
land	er	nodig	was	om	dit	voedsel	te	produceren	maar	ook	hoeveel	 land	
en	water	er	nodig	was	om	de	energie	die	nodig	was	om	dit	eten	klaar	te	
maken	 (brandhout	 om	 te	 koken).	 	 Zoals	 al	 eerder	 genoemd	wordt	 een	
groot	deel	van	het	werk	met	de	hand	gedaan,	daarom	is	er	ook	gekeken	
naar	 de	 arbeidsinzet	 van	 het	 verzamelen	 van	 het	 brandhout	 voor	 het	
koken.	 In	 de	 rurale	 gebieden	 wordt	 nog	 steeds	 veel	 gekookt	 op	 open	
vuur	 en	 is	 brandhout	 de	 belangrijkste	 energiedrager.	 Er	 zijn	
alternatieven:	 efficiente	 kooktoestellen	 die	 gebruik	 maken	 van	 hout,	
houtskool	 of	 LPG	 en	 kerosine.	 	 Voor	 water,	 land	 en	 arbeid	 is	 er	
vervolgens	gekeken	in	hoeverre	de	alternatieven	voor	het	koken	op	open	
vuur	invloed	hadden	op	het	gebruik	van	hulpbronnen.		
In	hoofdstuk	1	wordt	 een	beschijving	 van	het	 systeem	en	de	mogelijke	
interakties	gegeven.	In	de	volgende	hoofdstukken	worden	de	interakties	












inzichten	 met	 betrekking	 tot	 de	 WEF	 nexus	 in	 de	 	 geïndustrialiseerde	
wereld.	
In	hoofdstuk	2	en	3	wordt	uigerekend	hoeveel	land	en	water	er	nodig	is	
voor	 de	 productie	 van	 voedsel	 en	 brandhout	 om	 te	 koken.	 Er	 wordt	





m3	 per	 persoon	 per	 jaar.	 De	 hoeveelheid	 land	 die	 nodig	 was	 voor	 de	
brandhoutvoorziening	bleek	echter	3	keer	zo	groot.	(1200-5000	m2).	 	Er	
is	dus	3	maal	 zoveel	 land	nodig	om	de	energie	 voor	het	 koken	van	het	






Als	 we	 kijken	 naar	 mogelijkheden	 om	 het	 gebruik	 van	 hulpbronnen	 in	
deze	 gebieden	 te	 verkleinen,	 valt	 op	dat	 er	 binnen	het	 voedselpatroon	
niet	veel	verandering	mogelijk	 is.	Het	eten	bestaat	voornamelijk	uit	rijst	
en	 tarwe	met	 wat	 zuivel.	 Uit	 ander	 onderzoek	 is	 bekend	 dat	 dit	 soort	
voedselpatronen	 een	 laag	 hulpbrongebruik	 hebben.	 Wat	 betreft	 de	
energievoorziening	zijn	er	wel	mogelijkheden.			
In	 hoofdstuk	 4	 is	 dit	 nader	 geanalyseerd.	 Er	 worden	 verschillende	
energiedragers	 (hout,	 houtskool,	 briketten,	 LPG	 en	 kerosine	
onderscheiden	 en	 verschillende	 kooktoestellen	 (open	 vuur,	 efficiënt	
kooktoestel	met	hout,	met	houtskool	en	een	voor	LPG).	Vervolgens	is	er	
een	 model	 ontwikkeld	 waarmee	 de	 hoeveelheid	 energie	 voor	 koken	
uitgerekend	 kon	 worden.	 Voor	 houtskool	 en	 briketten	 geldt	 dat	 ze	
afkomstig	zijn	van	hout.	Voor	deze	energiedragers	is	uitgerekend	hoeveel	
hout	 er	 nodig	 was	 om	 deze	 drager	 te	 maken.	 Uiteindelijk	 zijn	 deze	
gegevens	 gebruikt	 om	 het	 aantal	 arbeidsuren	 uit	 te	 rekenen	 die	 nodig	
waren	 voor	 de	 productie	 van	 kookbrandstof.	 	 De	 resultaten	 laten	 zien	
dat	 de	 energiedichtheid	 van	 houtskool	 groter	 is	 dan	 van	 hout,	 er	 is	
minder	 van	 nodig	 om	 te	 koken.	 Als	 het	 vervolgens	 ook	 nog	 wordt	
gebruikt	 in	een	efficient	kooktoestel	 is	er	nog	minder	van	nodig.	Alleen	
voor	de	productie	van	houtskool	is	veel	hout	nodig.	Als	we	de	hele	keten	
meerekenen	 komt	 er	 een	 ander	 beeld	 tevoorschijn.	 	 Dan	 blijkt	 dat	 de	
productie	van	houtskool	erg	arbeidsintensief	 is	 (er	 is	veel	 tijd	nodig	om	








efficiëntie	 van	het	 verbrandingsproces.	De	 conclusie	 van	hoofdstuk	4	 is	
dan	ook	dat	van	uit	een	arbeidsuren	perspectief	het	gebruik	van	hout	in	
een	efficient	kooktoestel	beter	is	dan	het	gebruik	van	houtskool.		
In	 hoofdstuk	 5	 is	 er	 verder	 ingegaan	 op	 de	menselijke	 arbeid.	 Van	 alle	
handelingen	 die	 verricht	moeten	worden	 om	 het	 brandhout/houtskool	
te	 verkrijgen	 is	 de	 metabolische-energie	 uitgerekend,	 met	 andere	
woorden	hoe	zwaar	is	de	arbeid	die	verricht	wordt.	Ook	daar	komt	naar	
voren	dat	het	maken	van	houtkool	en	briketten	niet	allen	veel	tijd	kost,	
maar	 ook	 dat	 het	 om	 zware	 arbeid	 gaat.	 Het	 gebruik	 van	 hout	 in	 een	
efficiënt	kooktoestel	is	in	dit	geval	ook	de	beste	oplossing	voor	het	rurale	
gebied.		
De	 WEF	 nexus	 analyse	 voor	 de	 rurale	 gebieden	 in	 de	
ontwikkelingslanden	 in	 dit	 proefschrift	 maakt	 duidelijk	 dat	 de	 relaties	
anders	 zijn	 dan	 voor	 de	 geurbaniseerde	 geindustrialieerde	 landen.	 De	
mogelijkheden	 om	 het	 hulpbrongebruik	 te	 verminderen	 zijn	 duidelijk	
anders.	 In	 de	 westerse	 landen	 is	 er	 bijvoorbeeld	 veel	 aandacht	 voor	
veranderingen	 in	 het	 voedselconsumptiepatroon	 om	 bijvoorbeeld	
energie	en	water	gebruik	 te	verminderen	 (minder	vlees).	 	Dit	geldt	niet	
voor	 dat	 deel	 van	 de	 wereldbevolking	 die	 in	 dit	 proefschrift	 wordt	
bestudeerd,	 zij	 consumeren	 nauwelijks	 dierlijke	 producten	 en	 hun	
voedsel	 patroon	 heeft	 al	 een	 lage	 footprint.	 In	 de	 westerse	 gebieden	
wordt	 biomassa	 vaak	 gezien	 als	 een	 duurzaam	 alternatief	 voor	 de	
fossiele	brandstoffen,	 in	dit	proefschrift	wordt	duidelijk	dat	het	gebruik	
van	brandhout	in	een	openvuur	om	te	koken	enorm	beslag	legt	op	land,	
water	 en	 beschikbare	 arbeid.	 	 In	 deze	 gebieden	 is	 het	 zelfs	 zo	 dat	 het	
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